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Preface

This e-book contains abstracts of papers accepted for presentation at the 41st Solid Mechanics
Conference (SOLMECH 2018). The conference was held in Warsaw, Poland, on August 27-31, 2018.
More details can be found on the conference website: http://www.solmech2018.ippt.pan.pl

The Solid Mechanics Conferences are a series of biennial international conferences, which have
been organized by the Institute of Fundamental Technological Research of the Polish Academy of
Sciences (IPPT PAN) since 1953. This conference series aims at maintaining high scientific standards,
while providing a friendly atmosphere that facilitates discussion of theoretical and applied research
topics on solid mechanics. A set of plenary and keynote lectures is delivered by invited speakers of
international recognition in their field of research.

This, the 41st edition of the conference series, was held at the Conference Center of Warsaw
University, a quiet and pleasant vicinity close to the old town of Warsaw. The conference hosted 7
general lectures and 16 thematic sessions. 273 abstracts from 28 European and non-European
countries (43% of them from outside Poland) were presented.

The solid mechanics of materials and structures is in itself an area of active and dynamic research,
that also provides the foundation of numerous industrial applications that necessitate sophisticated
computational models and methods. Naturally, the SOLMECH conference series encompass these
research directions as well and this trend is clearly growing; and we foresee that it will continue to
grow in the future.

Prof. K. Wisniewski Prof. T. Burczynski
Chairman of SOLMECH 2018 Director of IPPT PAN
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1. Introduction

The functional subjects important to design the shape memory elements are the mechanical properties of the
materials such as shape memory effect, superelasticity, shape recovery, shape fixity, fatigue, secondary shape
forming etc. [1], [2]. These properties appear due to the phase transformation depending on variation in
stress, strain and temperature. In the present paper, the main subjects discussed till now will be introduced
for shape memory alloys (SMAs), polymers (SMPs) and their composites (SMCs). Following these
mechanical properties of the materials, the advanced subjects in the mechanical properties of the materials
will be discussed.

2. Deformation and fatigue properties of shape memory alloys

The important functions of SMAs in applications are the deformation and fatigue properties, which can be

summarized as follows.

(1) The basic functional properties of the shape memory effect (SME) and superelasticity (SE) appear due to
the martensitic transformation. With respect to the SME, not only the shape recovery but also the
recovery stress are used in applications. The recovery stress of 400 MPa can be obtained by heating. The
energy storage and dissipation are obtained in the SE.

(2) The cyclic deformation due to the R-phase transformation does not change during cycling. However, the
upper stress plateau due to the martensitic transformation decreases during cyclic deformation.

(3)The return-point memory appears in the subloop loading under the low strain rate. However, the return-
point memory does not appear in the stress-controlled subloop loading, and the transformation-induced
creep and stress relaxation appear.

(4) The thin SMA tape can be easily twisted by simply grasping both ends. The simple rotary reciprocating
actuators can be developed by using the torsional deformation of the SMA thin tape.

(5) The highelatic deformation with the almost linear stress-strain curve of the TiNi SMA can be obtained up
to a stress of 1400 MPa and a strain of 4%.

(6) The relationship between strain amplitude and number of cycles in bending fatigue life can be expressed
by a power function. The fatigue limit appears around a strain amplitude of 1%, which is in the R-phase
transformation region. The bending fatigue life can be enhanced by the nitrogen ion implantation and the
ultrasonic shot peening.

3. Deformation and long-time properties of shape memory polymers

The main mechanical properties of shape fixity and shape recovery of SMPs appears based on the glass

transition of the materials. The important characteristics are as follows.

(1) The rigidity of SMPs is high and low at temperatures below and above the glass transition temperature,
respectively. The deformed shape with high rigidity is obtained by cooling, shape fixity, and the original
shape is recovered by heating, shape recovery.

(2) If the deformed shape is held at low temperature, it can be fixed under no-load for a long time and the
original shape can be recovered by heating after that.
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(3) If the deformed shape is held at high temperature, the original shape can’t be recovered by heating and
the irrecoverable strain appears, the secondary shape forming. If we use this property in applications, we
can obtain the SMP elements with complex shape by the simple method without using metal molds.

4. Shape memory composites with SMA and SMP

The dependence of rigidity and yield stress on temperature is quite opposite between SMA and SMP. If the
shape memory composite made of SMA and SMP is fabricated by using both materials, the novel functional
materials, SMCs, can be developed. If we fabricate the SMCs by combing the SMA and SMP elements with
different phase transformation temperatures and memorized shapes, the SMC actuator with three way motion
during heating and cooling can be developed.

5. Advanced subjects of shape memory alloy and polymer

5.1 Functionally-graded shape memory material

(1) Functionally-graded shape memory alloy

The SME and SE appears due to the martensitic phase transformation. The elastic modulus and stress plateau
vary depending on temperature. The phase transformation temperatures depend on the composition of SMAs.
If the composition of SMA changes gradually in each position, the rigidity and yield stress change
corresponding to the composition. The functionally-graded SMA therefore can be obtained by developing the
fabrication method for changing the composition of SMA.

(2) Functionally-graded shape memory polymer

The polyurethane SMP has been used in the form of sheet, film and foam with various glass transition
temperatures. In the case of foam, not only glass transition temperature but also density can be changed.
Therefore, if we fabricate the laminated SMP with various glass transition temperatures and densities, the
functionally-graded SMP can be developed. In the functionally-graded SMP, the deformation resistance
varies in each layer and therefore the stepwise local deformation and recovery stress appear.

5.2 3D-printing of shape memory polymer

If we make a product with SMP using the 3D printer, the new device which is well suited to the individual
complex shape can be developed without using expensive metal molds.The material used to fabricate the 3D-
printing SMC belt was a SMP filament. The 3D-printed SMP belt was fabricated by the fused deposition
modeling 3D printer. The shape fixity and shape recovery properties are obtained in the 3D-printed SMP as
same as the SMP made by the general method. The thermomechanical properties of the 3D-printed SMP
depend on the nozzle temperature, table temperature, printing rate and pattern of the each layer. These points
are the future subjects.

6. Conclusions

The deformation and fatigue properties of SMA, SMP and SMC are important for the design of machine
elements. The development of functionally-graded SMA and SMP and 3D-printed SMP is expected.
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1. Introduction

Wear, the process of material loss when materials come into contact, takes various forms and is present in
literally all engineering applications. It is experienced at disparate scales from single atom removal at the
nanoscale, to the eraser of a student leaving rubber debris on paper, and the formation of gouge along a
tectonic fault.

Around mid-twentieth century tremendous progress was made in Tribology, the science of interacting
surfaces in relative motion. Scientific advances explained the intimate relationship between surface
roughness, load, and the real contact area. Due to the complexity of wear mechanisms, scientific progress has
arguably slowed down ever since, although there has been a rapid increase in the number of empirical
models describing various forms of wear. Recently, with the advent of nanotribology, fundamental
discoveries were made regarding friction mechanisms at nanoscale asperities. However, by and large, the
dots remain unconnected and our macroscopic engineering-scale understanding of wear remains limited.

We present our recent attempts at developing a fundamental, mechanistic, across scales, understanding of
adhesive wear.

2. Coarse-grained atomistic simulations

We begin by summarizing recent numerical simulation results, based on coarse-grained atomistic potentials
[1, 2], that capture debris formation at a contact junction. The two mechanisms at play in our simple model
are plastic shearing of contacting asperities, and (if enough
elastic energy is available) crack propagation leading to
debris creation. This ductile to brittle transition was shown to
occur at a material-dependent critical contact-junction size
[2]. We have shown that, in the simple situation of an
isolated micro contact, the final debris size scales with the
maximum junction size attained upon shear, and with the
total shear-load mechanical work. This permits to draw
analogies with Archard adhesive wear model [3], which
states that the wear volume is proportional to the normal
load, the sliding distance, while it is inversely proportional to
the hardness of the softer material in contact.

We also discuss recent results regarding the long term

evolution of surface roughness. Investigating different initial Figure 1: Debris particle rolling between
conditions, e.g. surface geometries, we reveal that after a two surfaces under a constant normal
sufficiently long wear process the initial conditions are  pressure. Colours show material particles
forgotten, and the resulting worn surfaces are self-affine. The ~ origin: top material is blue, bottom material
worn surfaces are characterized by a Hurst exponent between is yellow. Black vertical lines indicate
0.6 and 0.8, suggesting that the process is not random. periodic boundary conditions
During the wear process, the debris particle that is formed
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and wears the surfaces is also investigated (Figure 1). We show that its volume increases throughout the
process, indicating that the mechanism of detaching material from the bulk is favoured over detaching
material from the particle.

2. Mesoscale wear model

Next, we incorporate this single-asperity
understanding in a novel mesoscale model [4],
which aims at estimating from first principles the - =
wear coefficient, a notoriously little understood = — =
parameter in wear models. We estimate the amount e g

1 :

of volume of debris formed for a given applied B o 'f;_ -_————_—__________————______T_
load, using the probability density of micro- £ 1 e /*""' —
contact sizes. A crucial element of this mesoscale == f

model is the distribution of surface heights, which
should evolve as wear processes take place.

In order to obtain a realistic distribution of micro-
contact sizes, we model the contact between solids
with self-affine rough surfaces [5, 7]. We propose Hr
two interpretations of the wear coefficient that are
applied to the contact model: one based on
Archard’s view of the wear coefficient as the
probability of debris formation, and one stemming
from up-scaling of single asperity wear
considerations. Both are based on a Griffith-like
criterion that leads to the emergence of a critical
length scale governing wear particle formation [1].
These developments allow us to bring physical
properties of the interface [1] as well as geometrical and mechanical information into the estimation of the
wear coefficient [4], figure 2. This opens the path to many potential developments of this model, including
elasto-plastic contact and surface roughness evolution.

10-7
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Figure 2: Wear coefficient as a function of the load, for
different values of the critical micro-contact area A*. The
wear coefficient increases with the load up to a constant
plateau, which is a characteristic feature of mild adhesive

wear [6].
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1. Modeling durability of building materials

Durability of building materials is of great practical importance. It may be analysed by means mechanics of
multiphase porous media, non-equilibrium thermodynamics and damage mechanics. A general approach [1]
to modelling various degradation processes in partially saturated porous building materials, due to combined
action of variable chemical, hygro-thermal and mechanical loads, is presented. Kinetics of physico-chemical
processes, like: salt crystallization/dissolution [2], calcium leaching [3], alkali silica reaction (ASR) [4], and
water freezing/thawing [5], is described with evolution equations in order to take into account variable
hygro-thermal conditions. The mathematical model consists of the mass-, energy- and momentum balances,
the evolution equations describing chemical reactions/processes, as well as the constitutive and physical
relations. The model state variables are capillary pressure, p°, gas pressure, p°, temperature, T, displacement
vector, u, and, if necessary, chemical species concentration, Cg.em. The internal variables of the model are
mechanical damage parameter, d, chemical damage, V, and chemical process extent, I',, . The most important

mutual couplings between the chemical, hygral, thermal and deterioration processes are considered and
discussed, both from the viewpoint of physicochemical mechanisms and mathematical modelling.

2. Kinetic model of chemical- and deterioration processes

Following linear non-equilibrium thermodynamics, the rate of chemical process, I", (e.g. salt crystal-

lization — dissolution, calcium leaching, ASR progress, water freezing — ice thawing), is expressed in terms
of the process affinity A, (i.e. the difference between chemical potentials of the actual state and equilibrium
one) and the process constant k, which is dependent on the process characteristic time z,, and temperature T,

(1) I, =k-A,.

Specific form of relationship (1) for a considered process is given in [2] for salt crystallization — dissolution,
in [3] for non-isothermal calcium leaching, in [4] for alkali silica reaction, and in [5] for water freezing —
thawing. Material deterioration may be directly dependent on the progress of chemical process, e.g. chemical
damage for calcium leaching [3], or caused by material cracking due to expanding strains, e.g. for ASR [4],
or crystallization pressure exerted on the skeleton, e.g. for water freezing [5] or salt crystallization [6]. The

latter process is modelled by means of the delayed damage model, where the rate of mechanical damage, d ,
is directly considered, as presented and discussed in [5, 6].

3. Numerical solution

The weak form of the model governing equations is obtained with Galerkin’s method, and state variables are
discretized in space by means finite element method and in time domain using implicit finite difference
scheme, resulting in the following equation set [1],

X}t - X

(2) Ci,j (er]+1 ) At

+ K (X)) XJ = (X)) =0,
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where Xj*is the vector of nodal values of state variables at time step n+1, C,;(Xj*)and K, ;(Xj]™)are the
coupling matrices, and f( Xj™)is the vector considering BCs and source terms, (i,j= g, ¢, T, uy, uy). The

nonlinear equation set (2) is solved by means of a monolithic Newton-Raphson type iterative procedure [1].
At each iteration the discretized form of kinetic equation (1) is solved in all the Gauss points.

4. Application examples

Four examples of the model application for analysing transient chemo-hygro-thermo-mechanical processes
in porous building materials are presented and discussed. The first example concerns the salt crystallization
during drying of a wall made of concrete and ceramic brick, causing degradation of surface layer due to
development of crystallization pressure. The second one deals with calcium leaching from a concrete
structure due to chemical attack of pure water, exposed to gradients of temperature and pressure. The third
one describes cracking of concrete element, caused by development of expanding products of ASR. The
fourth example concerns freezing — thawing of a wet concrete wall in variable hygro-thermal conditions.

Some exemplary results of numerical simulations concerning moisture content, ASR progress and shape
deformation in a retaining wall exposed for 2 years to external air with variable temperature and relative
humidity from one side, and the other side and its footing being in direct contact with the ground, are
presented in Fig. 1. The results showing calcium content distribution in a concrete column exposed to 20-
years action of pure water having temperature of 25°C or 60°C, are presented in Fig. 2.
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Figure 1. Results of simulations for a retaining concrete wall Figure 2: Calcium content in a concrete column
exposed to ASR for 24 months: relative humidity, reaction extent exposed to calcium leaching for 20 years in pure
and deformed configuration (shown with factor 25x) water at temperature of 25°C and 60°C.
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The idea of the rotation-free element that possesses no rotational dofs for thin shell analyses can be dated
back to the 1970s. The rotation-free element does not follow the finite element format in the sense that its
integration domain is smaller than its interpolation domain. Different methods including hinge-angle,
polynomial interpolation, finite volume method, subdivision surface method, smoothed finite element
method, etc. have been employed to quantify the curvature and, thus, the bending energy in the integration
domain. Here, a simple and efficient geometric nonlinear rotation-free triangle is presented. With reference
to Figure 1, a flat corotational strain-free configuration is set up with 5¢ coincident with 5’ and 4°-5° -6°
coplanar with 4°-5° -6”. Let n be the unit vector normal to 4°-5°-6°, the deflection from 4°-5° -6° to with 4°-5°-
6’ parallel to n is

(1) w=n"(U-U°)

where UC is the rigid body motion that brings 1-to-6 to 1°-to-6°. When the radius of curvature is considerably
larger than the integration domain and the inplane stretching is not significant, n and U - U are nearly
parallel. Thus,

(2) U-U®=nn"(U-U°) , U, =nn"U,, for p,g=xy.
Zw
LV
X U

3

5
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2

Figure 1. 1-t0-6, 1’to-6" and 1°-to-6° show the initial, deformed and flat corotational configurations.

By virtue of the quadratic interpolation whose second order derivatives with respect to (x,y) are constant,
U,5q and the displacement vector of the element patch U, ¢ is related by a constant matrix B. The bending

energy can be expressed as
T T

Wi Wi U’\'\' Dnlz Dpl3 Dnla U’\-\-
Al S 7l e : A
(B) E=Zdw tDiw, t==JU_ bt (DI D, D, |{U._ }==U" (B'DB)U, ,
2 ) ) ¥ 2 22 2 b% 2 .
2w, 2w,,, 20, | | Dy, DI, DL ||2U,,

where A is the area of 4-5-6, D = [Dy] is the bending rigidity matrix and D is self-defined. Consequently, the
tangential bending stiffness matrix, which is the second derivative of E® with respect to U, g, is a contant
matrix and needs not be updated in the iterative solution procedure. This feature renders the triangle

8
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particularly simple and efficient [1]. The membrane energy can be considered by using the CST. Figure 2
shows the prediction of the triangle in a poupluar benchmark problem. It was latter noted that a spurious
folding mode appear. The mode, however, can be suppressed effectively by deriving the membrane energy
from a 6-node interpolation of displacement [2], see Figures 3a and 3b.

R =10, h=0.04 500
E=6.825x107,v=0.3 a00 | Ref Ue -V,

4 17x17 nodes

— 33x33 nodes

A
n%

100 |
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n\&z
ARAEERE

0 1 2 3 4 5 6 7 8 9
Deflection

Figure 2. The undeformed and the predicted deformed geomtry in a popular elastic shell problem.

Drape simulation finds its applications in fashion design, e-commerce of clothing and production of
animated movies. Fabric drapes are typical large displacement, large rotation and small strain problems.
Compared with the conventional geometric non-linear shell analysis, computational drape analysis is
particularly challenging due to the small bending to tensile rigidity ratio of most fabric. This presentation
will discuss how the rotation-free triangle is applied to drape simulation which considers not only large
displacement/rotation but also adaptive remeshing, dynamic, contact/collision and drape over moving
manikin [2,3], see Figure 3c.

(@) (b) (©)
Figure 3. Non-physical sharp folds in (a) are eliminated in (b). (c) Skirts drape over manikins.
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1. General

Restoration of monuments is a multi-disciplinary field demanding harmonious cooperation between archae-
ologists, architects and engineers and the decisions made arise, usually, as compromises between de facto con-
flicting approaches. From the engineering point of view, the key issue is the restoration of the structural in-
tegrity of the monument, keeping in mind that any intervention should be restricted to the minimum possible
and, also, that it should be implemented according to a reversible approach. Moreover, any intervention should
respect and protect the authentic structural elements while the materials used should be compatible (from
both the mechanical and the physicochemical aspect) to the authentic building material. The extent of accept-
able interventions is outlined in the “Venice Charter” [1]. In the present study attention is focused to the res-
toration of stone monuments of classical Cultural Heritage, taking advantage of the experience gathered from
the restoration project of the monuments of the Acropolis of Athens and mainly from the Parthenon Temple.

2. Experience from the restoration of the Acropolis monuments: The Parthenon project

Ancient Greek temples were built using natural building stones quarried from the near vicinity of the place of
the temple. Among the very few exceptions are the monuments of the Acropolis of Athens, which were built
using marble quarried from mount Pentelicus, more than 30 km away from the Acropolis hill. It is a fine-
grained white marble consisting of calcite (~98%) and very small amounts of muscovite, sericite, chlorite and
quartz. It is a bimodular, slightly nonlinear, anisotropic material, usually, modelled as transversely isotropic [2].

Given that quite a few structural elements of the Acropolis monuments are damaged, an ambitious restoration
project is in progress under the auspices of the “Committee for the Conservation of the Acropolis Monuments”.
The technique adopted for restoring fragmented members is based on the use of metallic reinforcements
placed either in holes drilled in the marble body (threaded bars, Fig.1a) or in grooves sculptured on their sur-
face (e.g., “T’-shaped beams, Fig.1b). Both holes and grooves are then filled with a cement-based material [3].

3. Modelling the response of restored structural elements. Detecting pre-failure indicators

The restoration technique described above generates a three-material-complex (marble-cement-titanium) with
two “hidden” interfaces (i.e., marble-to-cement and cement-to-titanium). Given that damage mechanisms are
firstly activated along these interfaces, any attempt to model the mechanical response of the restored elements
necessitates data from these interfaces. Such data can be only obtained with the aid of novel sensing techniques,

titanium bars; (b) Inter-connecting epistyles of the Parthenon Temple using “T’-shaped titanium beams.
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like, for example, Acoustic Emissions (AE), Pressure Stimulated Currents (PSCs) [4], Optical Fibers etc. In
addition, the unique cultural value of these monuments renders continous Structural Health Monitoring (SHM)
a pressing demand. The relative data required must be obtained with the aid of cheap, reliable and very small
sensors, since they should not destroy the aesthetic splendor of the monuments. In the direction of providing
some answers to the above open problems, various experimental protocols are implemented in the Laboratory
for Testing and Materials of the National Technical University of Athens. Both traditional and innovative
sensing techniques are used in a combined manner, for validation reasons and, also, in order to properly cali-
brate the outcomes of the novel techniques, which in most cases are of qualitative rather quantitative nature.

As an example, results of an ongoing project related to the response of the restored connection of marble epi-
styles are here discussed. The specimens consisted of two marble blocks, joined together by means of an “T”-
shaped connector and suitable cementitious material. Loading/gripping were achieved by an in-situ improvised
set-up assuring pure shear loading of the connection, a challenging task, taking into account the asymmetries
of the specimens (Fig.2). The specimens were monitored by a system of eight R150 AE sensors, two electric
sensors (recording the PSCs with the aid of sensitive electrometers) and a 3D-Digital Image Correlation (DIC)
system. In parallel, traditional sensing tools (electrical strain gauges, LVDTs and dial gauges) were also used.
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Figure 2: (a) The experimental set-up; (b) Time evolution of the load induced, in juxtaposition to that of the
cumulative energy of the Acoustic Emissions and of the Pressure Stimulated Currents.

4. Some concluding remarks

The data gathered during the tests (see, for example, Fig.2b, in which the time evolution of the cumulative
energy of the AE and the PSCs is plotted in juxtaposition to that of the load imposed) indicate that both the
AE and PSC techniques “follow” the mechanical response of the restored epistyles according to a satisfactory
manner. Moreover, both techniques provide early signs concerning the entrance of the system to its “critical
stage”, i.e., clearly distinguishable pre-failure indicators. Taking into account the low cost of the sensors of
the PSC-technique and, also, their small size, it appears that this technique is an attractive alternative for SHM
of restored elements of ancient monuments. The fact that the PSC data are in excellent accordance to those of
the AE technique [5] provides a reliable calibration tool for the PSC technique (given that the AE technique
is based on a well founded scientific basis and it is nowadays considered as a mature sensing system).
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1. Stored energy by means of the dislocation density tensor in crystals

Internal stresses in crystalline solids are often induced by the development of non-homogeneous plastic defor-
mation inside the grains of metallic polycrystals. The latter can be accounted for by means of the dislocation
density tensor defined as the rotational part of the plastic deformation field. Energy is stored in that way and
represented by appropriate terms in the Helmholtz free energy density function. Different forms of this potential
will be discussed highlighting the various types of single crystal constitutive behaviour, especially under cyclic
loading [6,9].

Fig. 1 shows the response of a single crystal under shear with microhard boundary conditions inducing the
pile-up of dislocations at grain boundaries. These non convex loops are obtained when the free energy density
is proportional to the norm of the dislocation density tensor or to its logarithm. They correspond to the concept
first in—last out for dislocations at grain boundaries [3].
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Figure 1: Non-convex cyclic loops in simple shear using two different free energy functions depending on the
dislocation density tensor, after [9].

2. Cosserat crystal plasticity

The lattice curvature tensor can be seen as an approximation of the full dislocation density tensor. It has the
advantage that it can be measured in a standard way by means of Electron Back-Scatter Diffraction, thus allow-
ing for direct comparison between experiment and computations. The previous strain gradient plasticity model
can be reduced to a Cosserat theory of crystal plasticity [5,7]. Finite element simulations of the deformation of
Cosserat and strain gradient polycrystalline aggregates will be presented.
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3. Phase field modelling of grain boundary motion

This Cosserat theory of crystal plasticity is finally coupled to the phase field appoach to simulate the evolution
of the polycrystalline microstructure. For that purpose, a phase field variable representing the crystal order
is introduced, having minimal values inside diffuse grain boundaries of the polycrystal [1, 2, 8]. The gradient
of stored energy serves as a driving force for grain boundary migration. Lattice rotation then has two origins:
plasticity driven lattice rotation in the bulk of the grain, and lattice reorientation inside moving grain boundaries.
The fully coupled Cosserat mechanical and phase field framework is used to simulate dynamic recrystallization
at the mesoscale [4].

Fig. 2 shows the field of lattice orientation, cristallinity parameter and stored energy in deformed aluminium.
The sweeping of some grain areas by grain boundaries is clearly visible on the right. Dynamic and static
dislocation recovery takes place in the diffuse boundary.

P

Order parameter 7 Orientation 0 Stored energy

Figure 2: Phase field simulation of grain boundary migration in a deformed polycrystal, after [2]
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1. Context: the modelling and simulation of damage and failure

Today, realistic simulations of complex industrial problems including all their technological complexity
require using legacy codes. In the case of the simulation of failure, two main difficulties arise. The first one
concerns only quasi-static or slow dynamic problems. In this case, implicit schemes should be the dominant
approaches. However the numerous instabilities associated with damage and cracking make the convergence
problematic and sometimes impossible. Here, path following techniques are mandatory and are often used in
combination with viscosity. In order to ensure convergence, explicit algorithms are therefore mainly used by
industrials. In this case, mass and time scaling techniques allow for the increase of the critical time step to
allow for quasi-static simulation. It is unclear though how the use of these techniques affects the prediction
of failure.

The second difficulty is the occurrence of spurious mesh dependence in the failure prediction. A huge
literature has been devoted to non-local model with variants from non-local integral approaches to explicit
and implicit gradient approaches or Cosserat models [1-2]. Despite of all this studies the development of
these approaches in an industrial context is still seldom. The main reason is probably the fact that non-
locality implies many and non-obvious code developments, identification practices are also an issue.

2. Rate dependent model and localization

That is why we have sought for another, even if maybe less general, possibility, to overcome the difficulty,
the use of rate dependent models. Needleman was possibly the first to discuss how, in statics, the use of
viscosity can allows to conserve the elliptic property of a plastic negative hardening model and, thus should
eliminate pathological mesh-sensitivity [3]. Several models have been proposed in order to control
localization by viscosity, particularly for ductile materials with negative hardening [4]. Nevertheless, it has
been observed that the crack growth behavior predicted by simulations based on a visco-plastic version of
the GTN model is mesh sensitive [5]. Other experiences were also deceptive showing that spurious
localization is not automatically circumvent when using viscous model.

3. Bounded rate model

That is why we have proposed in the concept of bounded damage rate model, which has been used, for
dynamic loading as impact, to predict the failure of composite materials but also the one of metallic material
in the case of ductile failure [5]. A physical interpretation of the model is that a continuous damage variable
results from a complex averaging process of micro flaws each of which having a finite propagation velocity,
leading thus to a bounded damage rate. The main limitation of such approaches, has can be seen so far, is that
such model should be used in combination with dynamic analyses.
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Figure 1: Mesh independent prediction in dynamics using a bounded rate ductile damage model [5]
4. Toward objective quasi-static failure prediction with bounded rate model

Recently we have tried to make use of such model for the quasi-static failure prediction of metallic materials.
The proposed path is the combination of explicit simulations and bounded rate models using adapted scaling
techniques aiming at performing mesh independent quasi-static simulations [6].

After an overview concerning the basis of bounded rate model illustrated on several examples the
presentation explores its extension to quasi-static situations on examples relevant for turbo-machinery disks.

--mm

a) 8807 (b) 8810 ) 8820 d) 8821
(e) 8783 (f) 8788 (g) 8791 (h) 8791

Figure 2: Comparison of the crack pattern of a 2D rotating disk at four (close) instants for two different
meshes and different time scales for a scaled dependant damage rate model of Lemaitre type [6]
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1. Introduction and description of the model

Shape memory alloys (SMA) are known for the shape memory effect and pseudoelasticity that are associated
with the martensitic phase transformation. The material can exist in different phases (austenite, martensite).
During the phase transformation the interfaces are created and a part of the energy is stored into them.

Recently, we have developed a rate-dependent phase-field model for evolution of the microstructure. This model
belongs to the class of usual viscous-type models, when one phase may transform into another with arbitrarily
small thermodynamic driving force. However, experimental results show that for SMA some critical driving
force has to be reached for the initiation of the transformation. This is related to the observations that the
hysteresis, e.g. in the stress-strain response, does not tend to zero as the rate of loading tends to zero. Thus, the
usual viscous models are not capable of describing rate-independent dissipative effects.

The current phase-field model [3] was modified such that it takes into account these phenomena by including
a non-smooth mixed-type dissipation potential that combines the viscous and rate-independent contributions,
see [4]. The finite element implementation of the model handles the physical constraints on the order param-
eter together with the non-smooth dissipation potential by a single Lagrange multiplier using the augmented
Lagrangian method [2]. By employing this method the originally non-smooth minimization problem is trans-
formed into a smooth saddle-point problem that is convenient to be solved numerically.

2. Results

The main purpose of the numerical examples is to show the differences between the usual viscous dissipation
and the rate-independent dissipation. The first example shows the fundamental qualitative difference. Initially,
att = 0, arandom distribution of two variants of martensite is prescribed in an unconstrained domain. Then, an
evolution of the system is simulated until a steady state is attained. Figure 1 shows snapshots of microstructure
evolution simulated for the viscous dissipation (f. = 0) and mixed-type dissipation (f. = 1 MPa), both starting
from the same initial distribution. The system evolves such that the total free energy is decreasing, see Figure 2.
For a viscous dissipation, the steady state is a pure single variant and the total free energy attains zero. For the
mixed-type dissipation, microstructure evolution stops, the steady state is a non-trivial frozen microstructure
and the free energy stays positive.

t3 =42 us ty =422 ps ts = 613 us te = 5313 s

f.=1MPa

steady

Figure 1: Qualitative difference in the microstructure evolution between the viscous dissipation (top) and
mixed-type dissipation (bottom).
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Figure 2: Dependence of free energy on time during Figure 3: Hysteresis stress-strain curve recorded by
microstructure evolution. San Juan et al. (2009) in the compression experiment.

The second example simulates the experiment by San Juan et al. (2009) in which the micro-pillar is compressed
by a nano-indentation device, then released and the corresponding stress-strain curve is recorded, see red points
in Figure 3. It shows that the hysteresis curve creates a non-zero area which can not be described by the viscous
dissipation. Presented mixed-type dissipation captures the observed curve quite well. Initially, the micro-pillar
is in austenite phase and during the compression is being transformed into martensite, see Figure 4.

f - ”‘ 500‘1\
Reproduced from [1].

u, = 41.4nm u, = 46.7nm u, = 82.6 nm U, = 145nm

Figure 4: Snapshots of the transformation pattern during the micro-pillar compression (austenite is blue,
martensite is red).
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1. Motivation

This paper is dealing with the linear theory of microstretch thermoelasticity, a theory that is part of the me-
chanics of generalized continua and which accurately describes the behaviour of materials with microstructure.
The concept of generalized continua was introduced by the Cosserat brothers in 1909, who considered a mi-
cropolar continuum to be a collection of interconnected particles in the form of small rigid bodies that have
three additional rotational degrees of freedom besides the three translational degrees of freedom from classical
continuum mechanics. Cosserat thermoelasticity was generalized to microstretch thermoelasticity by Eringen
in 1990 [6] by including the effect of axial stretch during the rotation of molecules.

In this paper, we prove the well-posedness of the mathematical model introduced in [3] for the anisotropic case.
The idea is to verify the assumptions from the Lumer-Phillips corollary to the Hille-Yosida theorem. As in [2],
the theory we derived is closer to the realistic constitutive structure of solids since it describes thermal-diffusion
interactions at the macroscopic and microscopic levels. Given the increasing interest in nanomaterials, it is im-
portant to take into consideration both the microtemperatures and the microconcentrations of the nanoparticles.
The concept of microconcentrations is a novel one, introduced for the first time in the theory of thermoelasticity
in [2] and for the first time in mechanics of generalized continua in [3].

2. Basic equations

The equations of diffusive microstretch thermoelasticity with microtemperatures and microconcentrations [3]

tjij + pfi = pi; pToS = qi; + ps
(1 his + 9+ pl = J@ péi = qjij + ¢i — Qi + pGi C =i
mjij + Eirstrs + pgi = LijP; pwi = Njij + i — 0

In the equations above, w; is the displacement vector field, ¢ is the microdilatation function, ¢; is the microro-
tation vector, t;; is the stress tensor, p is the reference mass density, f; is the body force, h; is the microstretch
vector, g is the internal body force, [ is the external microstretch body load, m;; is the couple stress tensor, g; is
the body couple density, C'is the concentration, n; is the flux vector of mass diffusion, .S is the microentropy.
According to [3], the constitutive equations of the mathematical model for the anisotropic case are

tij = Aijrsers + Bijrstirs + Dijo + FijiCr + LijpTh — aij0 + dijC

mij = Brsijers + Cijrskirs + Eijp + GijiCr + M Ty — bi;0 + fi;C

hi = Frsiers + Grsitivs + AijCj + Bip — NijTj — dif + f;C
2 g = —Dijeij — Eijrij — BiG — {o — RiTy + FO — g1C

pS = a;jeij + bijliij +di(; + Fo+bT; + af + wC

pei = Lrsiers + Mysitirs — NjiGj + Rip — BijTj — bif — R;;C)

P = djjeij + fijkij + fiGi + §19 — @0 + oC pwi = —Ci;C5 — R;iT;
Here, Ty is the absolute temperature in the reference configuration, g; is the heat flux vector, s is the heat supply
per unit mass, ¢; is the first moment of energy vector, g;; is the first heat flux moment tensor, (; is the microheat
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flux average, G is the first heat supply moment vector, 7;; is the first mass diffusion flux moment tensor, &;
is the micromass diffusion flux average, P is the particle chemical potential, 7" is the absolute temperature,
¢ = T — Ty, T; are the microtemperatures, C; are the microconcentrations and ¢, is the alternating symbol.

3. Well-posedness

We assume null boundary conditions. We introduce the notations ; = v;, ; = ¥; and ¢ = 1. Let H =
{(ui7 Vi, @, ¢7 iy wiv 97 T’ia Pa CZ) DU, pi € WéQ(Q)v (%7 wh Tia Cl € LQ(Q)a 1/% 07 P e L2(Q)7 Y e W()1,2(Q)}

3
where W,'*(Q), L2(€2) are the familiar Sobolev spaces and Wy (Q) = [WOIQ(Q)} JL2(Q) = [L2(Q)]3.
The boundary initial value problem can be transformed into the following equation in the Hilbert space H

du

) dt

= AU(t) + F(t) UW0) =U
where U = (u;,vi, @, 0, @i, i, 0, P, T;, C;), Uy = (u?,v?,goo,@bo,@?,w?,GO,PO,TZO,C?) is the vector of
initial conditions and A is a certain matrix operator on .

Lemma 3.1 In the case of diffusive microstretch thermoelasticity with microtemperatures and microconcentra-
tions and for every U € D(A), the operator A satisfies the inequality

“) (AU, U) <0

in a suitably introduced inner product in H.

Lemma 3.2 In the case of diffusive microstretch thermoelasticity with microtemperatures and microconcentra-
tions, and for Id the identity operator in H, the operator A has the property that

Q) Range(Id — A) =H

Theorem 3.1 The operator A generates a semigroup of contractions in H.

This result proves that in the motion following any sufficiently small change in the external system, the solution
of the initial boundary value problem is everywhere arbitrary small in magnitude. Now that we proved that
the mathematical model is well-posed by means of the semigroup of linear operator theory, the asymptotic
behaviour of solutions and the effect of a concentrated heat source can be studied.
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1. Introduction

The desirable goal of the consitutive modelling is to obtain a model that with a few material parameters is able
to provide a good compatibility between the experimental and numerical results. Application of the fractional
calculus to Perzyna type viscoplasticity presents a new approach for describing the inelastic behaviour of var-
ious materials. This may be useful especially in the case of materials that display rate-dependent properties
and were subjected to dynamic loading. Fractional derivative introduces a new material parameters that comes
from the non local character of this generalization. In several papers [3], [4], [5], [6] the fractional approach to
classical plasticity was presented demonstrating a induced anisotropy and non-associated plastic flow.

2. Experimental background

The plastic deformation that leads to formation of instability bands in metal plates was discussed in [1]. Authors
shown that in the process of achieving the maximum true stress one can observe a diffuse necking in the region
where intersecting instability bands appear. As the deformation proceeds, the necking and the elongation of
material concentrate in one of the bands (cf. Fig. 1) and in their area the rate of deformation increases. At this
stage practically all of the plastic deformation is taking place within this band.

S

Figure 1: Development of instability bands and concentration of plastic deformation in predominant direction

[1].

3. Fractional material model

The Theory of Thermo-Viscoplasticity was originally published by Perzyna in [2]. In the classical model the
rate of inelastic strain is defined by a partial derivative of yield function F' in the stress space. In the framework
of fractional calculus this relation is reformulated to

(1) ¢ = Ap = A D°F||DF|| ",
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Figure 2: Necking achieved in numerical model for classical (leftmost) and fractional plasticity with different
material parameters.

where A is a scalar multiplier and D*F' denotes the fractional operator. For the purpose of this paper the
definition of the Riesz - Caputo (RC) derivative consisting of the left- and right-sided Caputo derivative is
assumed

@ FODRF ()= 5 (TDFF () + (-1 EDEF (1)

where « denotes the order of the derivative D(.) and whereas a,t,b are terminals describing the range
on non-locality. Due to the limited number of analytical solution utilising fractional derivatives the Hu-
ber—Mises—Hencky (HMH) criterion was herein selected. The application of fractional operator results in new
material parameters, namely the order of the derivative o and two six-dimensional vectors ALZ. . and Agj) that
denotes the virtual neighborhood of a stress state. One of the advantages of this model is that it is possible to
achieve the volume change, without any additional assumption, only through the modification of the new pa-
rameters. The built-in numerical VUMAT procedure for Abaqus/Explicit was used for numerical study of the
aforementioned model. Simulations were conducted for a three-dimensional plates fixed at the one end while

the other one was subjected to dynamic loading.

4. Results

The results were obtained for different velocities of the applied tension as well as for various material pa-
rameters o and A - Fig. 2. This type of examination allows to recognize how changes in parameters affect
the localised viscoplastic deformation and exemplify the intensity of observed phenomena. This can be useful
in the model’s calibration process for a specific material. In future, a task of comparative analysis between
experimental and numerical data will be considered.
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1. Introduction

Hyperelastic materials are used in various fields such as machinery, civil engineering and marine & offshore
plants industries due to excellent vibration damping ability, energy absorption capacity and low noise
characteristics. The behavior of the hyperelastic material is described using the strain energy density function
and there are various nonlinear material models to express it. In general, for the analysis of hyperelastic
materials, the material properties test is required to derive the coefficients of the nonlinear material model. In
particular, the properties of hyperelastic materials is changed according to temperature, unlike ordinary steels.
Therefore, in order to consider various temperature conditions, it is necessary to carry out the same number of
tests as the number of conditions. In this study, tensile test was performed for four temperature conditions to
analyse the behavior of hyperelastic material under low temperature condition. An algorithm for estimating
properties of hyperelastic materials at specific temperatures was developed and verified.

2. Tensile test of hyperelastic material under low temperature conditions

The physical properties of the hyperelastic material under low temperature conditions were tested under
hysteresis conditions in consideration of Mullin's effect. The specimens are made of natural rubber and the
temperature conditions are -40°C, -20°C, 0°C, 23°C. The stress-strain curve of the tensile test result and
nonlinear material models are shown in Fig.1. The material models considered are Ogden, Yeoh, and Mooney-
Rivlin models, and are expressed as equation (1) - (3), respectively.[1][2]
1n w=yv = (A“‘ + 25+ 25 —3) + X, T L (J = 1)?* - 0gden Model
@  W=3YCo(h —3) + 3y —( — 1)* - Yeoh Model

k
(3) W= Cyo(ly—3) + Cos (T, — 3) + 2 (J — 1)? - Mooney-Rivlin Model

Figure 1 : Tensile test result and nonlinear material models under the low temperature condition

3. Estimation of mechanical properties of hyperelastic materials in low temperature condition

The algorithm for estimating the mechanical properties of the hyperelastic material at a specific temperature
is formulated as shown in Equation (4) and the procedure is as follows:
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(4) stressiemp. = nU + Yo ' ay

Where, n : range of temperature(between to max. temperature and min. temperature)
U : unit change value(change value per 1°C between 0°C and 23°C)
v : Change with temperature
a : Weight factor of temperature

Phase 1 : Draw the S-S curves of the nonlinear material model at 23 ° C, 0 ° C, and -40 ° C.

Phase 2 : Separate the S-S curve equally according to the strain

Phase 3 : Derive the stress value for the strain at the specific temperature through the formalized model.
Phase 4 : Draw the S-S curve and derive the material model coefficients

Figure 2 : Estimation of hyperelastic material properity at -20°C

Figure 2 show the estimation results at -20 ° C temperature condition. Yeoh model was used for this
estimation. The results show up to about 5% error with the experimental results and it can be seen that the
developed algorithm is well estimated

4. Conclusion

In this study, the behavior of hyperelastic material in low temperature condition was analyzed and an algorithm
for estimating mechanical properties of hyperelastic material at specific temperature was developed.

1) The stiffness of hyperelastic material increases with decreasing temperature and the amount of change in
stiffness are initially increases and then decreases

2) An algorithm for estimating properties of hyperelastic materials at specific temperature was developed and
verified for applicability. This study is meaningful to confirm that it is possible to estimate properties of
hyperelastic material which is a representative nonlinear material. This study is meaningful to confirm that it
is possible to estimate properties of hyperelastic material which is a representative nonlinear material.
Further research will be carried out on generalization study of algorithms developed for various hyperelastic
materials.
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A large variety of solid materials — like plastics, rocks, asphalt, biomaterials etc. — possess viscoelas-
tic/rheological characteristics. Correspondingly, one can observe some kind of delayed and damped elastic
behaviour. In a linear regime, rheology of solids can be expressed as a generalization of Hooke’s law where
elasticity coefficients are replaced by polynomials of the time derivative operator. Then time dependent bound-
ary conditions, like those when gradually creating a hole, tunnel etc., induce time dependent processes, which
also influence the elasticity originated space dependence.

Volterra’s principle [1,2] is a long-known method to treat such problems. Here, we introduce and present another
approach that is simpler to apply (no operator inverse is required to compute but only linear ordinary differential
equations to solve). Our method starts with the elastic solution, replaces the elasticity coefficients with time
dependent functions, derives differential equations on them, and determines the solution corresponding to the
initial conditions.

More concretely, Hooke’s law, written in the deviatoric—spherical decomposition
(1) a_dev — Edevsdev’ o,sph — Esphesph’ Edev — 2G, Esph — 3K

with the spherical and deviatoric parts defined according to

1
2) gPh — g(tr €), gsPh — gsphy gdev — ¢ — gPh
is replaced by
(3) Sdeva_dev — gdevedev, Sspho,sph _ gsphesph

with the operator polynomials

dev __ devg dev 82 dev __ rpdev devg dev 62
4 S —1—|—T1 6t+72 atQ—l—..., E _EO —|—E1 8t+E2 7@]52—%...,
2 2
h sph 0 sph 0 h _ rsph sph 0 sph 0

In our applications, we concentrate on the Kluitenberg—Verhas model family [3]

(6) a,dev + 7_devtj,dev — Egevedev + E(lievé',dev + EvéleVédev7

@) O_sph + 7_spho'_sph _ E(S)phESPh + EiphéSPh + E;phéSph7

which is important from both theoretical [3] and experimental [4] aspects (overdot denoting time derivative).

We work in the small-strain region with the geometric compatibility equation

(8) VxexV=0

for the strain tensor €, and take the mechanical equation of motion in the force equilibrial approximation (i.e.,
acceleration neglected)
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where o denotes the Cauchy stress tensor and pg is the volumetric force density.

In the examples treated by us, a hole/tunnel in a pre-stressed medium is established progressively via switching
on a stress-free boundary condition gradually, described by a smooth multiplying function

A(t) 0 it ¢ <t,

1
f 10)  A(t) = | it > t,
1 Lt smooth in between.

T T i

t1 to

The solution of the corresponding elastic problem (typically already known from sources like [5—7]) is assumed
in finite sum form, then we replace the elasticity coefficients with time dependent functions, on which a set of
ordinary differential equations is derived from (3), and for suitable switch-on functions \(¢) the solution can be
obtained analytically.

We present several examples solved via this new method, like tunnels and spherical hollows opened in various
initial stress states, and pressurizing of thick-walled tubes and spherical tanks. These examples are useful for
applications and, in parallel, are suitable for testing and validating numerical methods of various kinds.

Figure 1: Time evolution of the displacement field when a cylindrical hole is opened in an anisotropically
pre-stressed medium: change of the shape of the hole and of a nearby plane surface.
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Zinc die casting alloys are widely used in the production of components ®acarmachines. Because of their
low melting point and their ability to produce very accurate components, thiege are considered to be the
best castable of all commonly used alloys. This advantage is accompangegrbgounced rate dependence,
temperature dependence and aging [4].

Aging denotes the development of the material properties and the mechasigahse due to microstructural
changes over the course of time. These changes are associated wijiitgtien of alloying elements or phases
with low solubility, phase decomposition, and changes in the crytallographictste [5]. These microstruc-
tural changes influence the mechanical response of the material [3].

1. Experimental investigation

In order to characterize the temperature-dependent aging beha@axperiments of [4] were extended to
three additional aging times. In this previous work, tension, compressibmoasion experiments with thin-
walled tubes were carried out at different temperatures and strain Agtesposed in [1] and [2], torsion tests
in thin-walled cylinders offer the advantage of isolating the deviatoric hehafithe material, which simplifies
the identification process.
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Figure 1: Torsion tests at a constant temperatur2)SC for three different strain rates (different colors) and
for every strain rate, four aging times. Higher aging times show a decgessigss-strain curve at the same
strain rate.

Moreover, other aging-dependent thermal properties such as tmeahewnductivity and the shrinkage, were
also experimentally characterized.
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2. Modeling and identification

The modeling and identification steps are closely connected to each otluer tlsentemperature and aging-
dependent parameters are developed after some previous pre-idéatif&teps. The constitutive model has a
partitioned structure, in which the total stress is decomposed into an equilibridran overstress part

(1) T - Teq + Tov.

This decomposition of the total stress has also advantages in the identifidafiorsiace the parameters of
the equilibrium stress can be identified independently of the other paramétiettie help of the equilibrium
hysteresis.

The aging is modeled with the help of an internal variaple

(2) 9=1(©,9).

This variable has a positive, growing value between 0 and 1. The valoer@sponds to the initial, unaged
stage and 1 to the completely aged stage. The aging rate is defined tempeéegemdent in a way that higher
temperatures result in a faster aging process. The influence of the iagimg model is introduced with the
selection of aging-dependent parameters. Finally, the thermodynamitsistency of the model is ensured
with the selection of the free energy.

3. Implementation of the model

The model is implemented in the in-house FE-code TASAFEM. In the case difdsfarmations, the internal
variables of the model can be computed directly from the input variablegafttbss algorithm, which means
that in this model a local Newton-iteration is not necessary. This leads tteskkomputation times.

4. Simulation example

The behavior of the model is shown with a simulation example using the finite el@oda{TASAFEM.
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1. Introduction

In this work, new aspects in dislocation continuum theory concerning the J-, M-, and L-integrals are presented
within the framework of three-dimensional, linear, incompatible elasticity theory. First, the J-, M-, and L-
integrals are derived for two straight (edge and screw) dislocations and second for a single (edge and screw)
dislocation in isotropic materials. The results provide to the J-, M-, and L-integrals an important physical
interpretation revealing their significance in dislocation continuum theory.

2. J-, M-, and Ls-integrals of straight dislocations

For two parallel edge dislocations with Burgers vectors in x-direction, the J-, M-, and Lz-integrals per unit
dislocation length are given by [1]

COS (p COS 2¢

(1 — =2K;, ;
zZ
J: sin (2 + cos 2
) 2 = 2K5, P2+ cos2p).
> T
M
3) jfngz—mf—gﬁw,
z
L
“) 73 = K:, sin2yp,
z
where
b b
5 KE, (by, V) = —L2mr
( ) xm( ZT) m) 47‘1’(1 —I/)

is the pre-logarithmic energy factor for edge dislocations with Burgers vectors in z-direction. Here, p is
the shear modulus, v is the Poisson ratio, L is the size of the dislocated body (or outer cut-off radius),
7 = /T2 + g2 is the distance between the two dislocations, and ¢ is the location angle of the dislocation
with Burgers vector b.

The M-integral between two edge dislocations with Burgers vectors in z-direction can be written in terms of
the corresponding interaction energy as follows

M 10,

6 [ 2K€ - nt

(6) L ez T 5L

where

%) mm:-ﬂ@4m1+mﬁ¢.
L L

Eq. (6) states that the M -integral of two parallel edge dislocations with Burgers vectors in x-direction per unit
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dislocation length is half the interaction energy between the two dislocations per unit length, plus twice the
pre-logarithmic energy factor K¢,.

Important results are summarized as follows:
e The J-integral of dislocations is the Peach-Koehler force (interaction force) between two dislocations.

e Eq. (6) provides to the M-integral the physical interpretation of the interaction energy between the two
straight dislocations.

e The configurational work produced by the Peach-Koehler force for straight dislocations (per unit dislo-
cation length) is constant, and equals twice the corresponding pre-logarithmic energy factor.

e The Ls-integral of two straight dislocations is the z-component of the configurational vector moment or
the rotational moment (torque) about the z-axis caused by the interaction of the two dislocations.

e Fundamental relations between the J-, L3-, and M -integrals of straight dislocations have been found and
they show that the J-, L3-, and M -integrals are not independent. If the M -integral is given, then the J;-,
Ja-, Jp-, Jo-, and L3-integrals can be easily calculated from it. From that point of view, the M -integral
is of primary importance.

e The translational energy-release Q’kT of straight dislocations is identical to the Jg-integral.

e The rotational energy-release G of straight dislocations equals twice the value of the Ls-integral.

3. J-, M-, and Ls-integrals of a single dislocation

For a single edge dislocation with Burgers vector b,, the J-, M-, and Ls-integrals per unit dislocation length,
are given respectively [2]

J 1 J:
®) =2k, -,  2=0,
lz € lz
M L L
© ==K mZ+2), =0,
l, € l,
where
b3
1 K, (by) = —h-%
(10) o (ba) 4m(1 —v)

is the pre-logarithmic energy factor for a single edge dislocation with Burgers vector in z-direction. Here, € is
the inner cut-off radius being proportional to the constant dislocation core radius.

An important outcome is that the M -integral (per unit length) of a single dislocation represents the total energy
Utotal Of the dislocation (per unit length) which consists of the self-energy (per unit length) plus the dislocation
core energy (per unit length)

(11) M/lz = Us/lz + Ucore/lz - Utotal/lz .

The dislocation core energy can be identified with the work done by the Peach-Koehler force. It is shown that
the dislocation core energy (per unit length) is twice the corresponding pre-logarithmic energy factor.
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1. Introduction

In this work, a non-singular theory of three-dimensional dislocations in a particular version of Mindlin’s
anisotropic gradient elasticity with up to six length scale parameters is presented [1,2,3]. The theory is sys-
tematically developed as a generalization of the classical anisotropic theory in the framework of incompatible
elasticity. The non-singular version of all key equations of anisotropic dislocation theory are derived as line inte-
grals, including the Burgers displacement equation with isolated solid angle, the Peach-Koehler stress equation,
the Mura-Willis equation for the elastic distortion, and the Peach-Koehler force. It is shown that all the elastic
fields are non-singular, and that they converge to their classical counterparts a few characteristic lengths away
from the dislocation core. In practice, the non-singular fields can be obtained from the classical ones by replac-
ing the classical (singular) anisotropic Green tensor with the non-singular anisotropic Green tensor derived by
[1,2]. The elastic solution is valid for arbitrary anisotropic media. In addition to the classical anisotropic elastic
constants, the non-singular Green tensor depends on a second order symmetric tensor of length scale param-
eters modeling a weak non-locality, whose structure depends on the specific class of crystal symmetry. The
anisotropic Helmholtz operator defined by such tensor admits a Green function which is used as the spreading
function for the Burgers vector density. The anisotropic non-singular theory is shown to be in good agreement
with molecular statics without fitting parameters, and unlike its singular counterpart, the sign of stress compo-
nents does not show reversal as the core is approached. Compared to the isotropic solution, the difference in
the energy density per unit length between edge and screw dislocations is more pronounced.

2. Non-singular dislocation key equations

In the considered version of anisotropic strain gradient elasticity theory, the strain energy density is given by

1
(1) W = Wiei;, Opes;) = ]icijkleijekl +3 D jmiinOme€ijOneri
with
(2 Dijmiin = CijriAmn

where Cj;1; is the tensor of elastic moduli and A, is a (symmetric) length scale tensor containing up to six
length scales and describes the shape of the dislocation core. A, gives the additional material parameters of
gradient elasticity. Here e;; = (ﬁz’j + Bﬂ) /2 is the elastic strain tensor, Oeij is the elastic strain gradient tensor
(elastic double-strain), 3;; = Oju; — 5 is the elastic distortion tensor, u; and 55 denote the displacement
vector and the plastic distortion tensor, respectively. Gradient elasticity is a continuum model of dislocations
with core spreading and leads to non-singular elastic fields.

All the famous dislocation key-equations are non-singular in the used version of anisotropic strain gradient
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elasticity and they read

b; Q . . .
3) wui(x)=— 1 (z) — }1{ Crnpg€igrbp Finim (R) dL!, (anisotropic Burgers equation)
a L
4) Bij(z) = f;: Crnpg€igrGimn(R) by dL!, (Mura-Willis equation)
(5) oij(x) = fﬁ Ciik1Crmnpg€iqrGrm.n(R) by L., (anis. Peach-Koehler stress equation)

6) Wy = f 7{ €ik1Citmn €npgCrstp Fsiemr (R) bfblB dL:?de (anisotropic Blin’s formula)
LaJLp

(7 Jr = f €kjm0ijbi dLm (Peach-Koehler force)
L

where Q(x) is a non-singular solid angle and b, is the Burgers vector. They are given in terms of a non-singular
Green tensor and a non-singular F'-tensor.

The results are summarized as follows:

e the theory of incompatible anisotropic strain gradient elasticity delivers a non-singular and parameter-free
dislocation continuum theory,

e Green functions and their first derivatives are non-singular,
o the dislocation key-formulas are non-singular, since: singular Green tensor — non-singular Green tensor,

e weak anisotropic nonlocality is relevant in the dislocation core.
Moreover, anisotropic strain gradient elasticity contains

e a two-fold anisotropy: anisotropy of the material (bulk anisotropy, C;;x;) and the anisotropy of the core
(nonlocal anisotropy, A,n),

e characteristic lengths which can be determined from atomistic calculations (DFT) and give the scale
where nonlocality is relevant.
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1. Motivation and Background

Shape-memory alloys (SMAs) belong to the class of so-called smart materials which have wide range of im-
portant applications, especially in aerospace or mechanical engineering and human medicine. SMAs exhibit
specific hysteretic stress/stain/temperature response, which is called a shape-memory effect or pseudoelasticity.
The mechanism behind this behavior is connected with the so-called martensitic phase transformation; the ma-
terial can exist in different phases which are separeted by a thin transition layer which stores a specific amount
of interfacial energy; see e.g. [4].

Many interesting applications call for finite-strain models of SMAs which brings, however, many mathematical
difficulties not presented in the small-strain regime. In particular, the constrain of local non-interpenetration
of matter that involves determinant of deformation gradient and hence excludes convex or quasiconvex energies.
The concept of polyconvexity, that allows for satisfactory existence theory for many hyperelastic solids, does
not apply, however, for SMAs due to the presence of multiple stable phases.

One possible solution, c.f [1,2], consists in regularizing via the second gradient of deformation in which the en-
ergy is convex. This option corresponds to including interfacial energy effect that penalizes rapid spatial oscil-
lations of deformation gradient (i.e. oscillations of phases). The resulting model falls into the class of so-called
non-simple materials that, in comparison with 1st-gradient theories, allow for a wider class of possible bound-
ary conditions; see [6].

2. Results

We consider interfacial energy of a different form, based on the concept of gradient polyconvexity, recently
introduced in the context of hyperelastic materials in [3]:

Definition (Gradient Polyconvexity). Let W : R3*3 x R3*3%3 » R3 — RU {400} be a lower semicontinuous
function. The functional

() I(y) = / W(Vy, V[Cof Vyl, Videt Vy]) de,
Q

defined for any measurable function y : Q0 — R3 for which the weak derivatives Vy, V[Cof Vy|, V[det Vy]
exist and are integrable, is called gradient polyconvex on a domain 0 C R? (or gradient polyconvex for short)
if the function W (F, -, -) is convex for every F € R3*3,

Here W stands for stored energy density which is up to a multiplication by material density an isothermal
restriction of Helmholtz free energy. Since determinant and cofactor measure the transformation of volumes
and surfaces, respectively, the energy penalizes abrupt changes of these quantities. As opposed to the afore-
mentioned approach that supposes coercivity of the energy in |V2y|P, for some p > 1, here only coercivity
in |V[Cof Vy]|4, for proper ¢, is assumed. As a consequence, the deformation y needs not to lie in Sobolev
space W2P(, R3). Indeed, for any p > 1 there exists a function (c.f. [3])

y € WHP(Q;R?) N L®(Q;R?) \ W' (Q; R?)
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such that
0<detVy e Whe(Q) and Cof Vy € Whoo(Q; R3*3).

Hence, the gradient polyconvexity allows for existence theory with weaker regularity assumptions on defor-
mation. Moreover, since Cof Vy € wha, its boundary value (and therefore the outer normal in deformed
configuration) is well defined . In addition, the regularity still suffice for proving physically desirable prop-
erties of deformation such as local invertibility (det Vy > 0) or global injectivity. Besides, the integrability
of det? Vy in a Sobolev space W1" () is obtained for an appropriate > 1. Concerning the modeling as-
pect of view, this special energy’s dependence on the second gradient of deformation leads to a different form
of hyperstress, a generalized form of stress occurring in higher-order gradient theories.

In a forthcoming paper, we extend the previous result for static problems in hyperelasticity to inelastic, isother-
mal processes. We treat the phase transformation as a dissipative rate-independent process, which is a justified
assumption for many situations; see e.g. [7, 8]. We prove existence of Energetic-solution (c.f. [5] for a defini-
tion) driven by the Gibbs-type stored-energy potential £ and the Rayleigh-type dissipation-energy pseudopo-
tential R; i.e. the activation criterion for the phase-transformation is purely energetic. We suppose that the state
of the system is described, besides deformation y, by so-called internal variable z, denoting the vector of vol-
ume fractions of individual phases. The vector is determined by deformation gradient via a continuous mapping
X R3%3 5 RE where [ € N stands for the number of phases. The Gibbs-type potential is of the form

[ I(y) — (L(t),y) ifz=A(Vy)ae.in(,
Et,y,2) = { +o0 otherwise,

where ¢ denotes time, [ is as in (1) and ¢(¢) is a continuous linear functional of external forces at time t.
Note that the functional depends on time only through loading #(t), since we do not consider time-dependent
Dirichlet data; nevertheless these can be effectively approximated by a penalty in Neumann boundary condition.
The dissipation pseudopotential takes the form

R(2) = C/Q 12 da,

where ¢ > 0 is tightly related to the amount of energy dissipated by the phase change. This specific choice
of potentials £ and R is a straightforward modification of the model summarized e.g. in [5].
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1. Areaof Interest

In the theory of plasticity the existence of the yield suefas assumed. In the past, several yield surfaces
were formulated. However, choosing an appropriate sulffaca particular material remains challenging. The
extremal yield figures for isotropic material behavior vii# generalized in this paper for universal practical
application. Measured data for concrete will be approxadatith the help of the proposed criterion.

2. Introduction

Yield criteria for isotropic material behavior are built uping invariants of the symmetric second-rank stress
tensor. Three stress invariants — the trace (axidtoof the stress tensor and the invariafs I of the stress
deviator expressed by principal stresses [1, 2] — are used Tike stress angle

33 I T
(1) COS 3(9 = TW’ 9 S [0, §i|

is sometimes preferred ové&f because it allows for a simple geometrical interpretatithe stress state. Yield
criteria as function of the equivalent stregg are formulated according to

(2 (I, I, I}, 0eq) =0 or (I, I, 0, 0eq) = 0,

where the dependence éncan be neglected for pressure-insensitive materials.

The criteria are subjected to special requirements. Amahers, such so-called plausibility assumptions are
the explicit resolvability of the criterion with respect ., wide range of possible convex shapes in the
m-plane, continuous differentiability except at the bordard no additional outer contours surrounding the
physically reasonable shape of the surface. Fulfilling ithe above yields reliable criteria that are easy to
handle. Unfortunately, criteria satisfying all requiremtseare not known.

3. Extremal Yield Figures

The lower and upper bounds of the convexity restriction gmtropic criteria give extremal yield figures of
isotoxal and isogonal hexagons (Figs.1 and 2). The polyalbfarmulations of these hexagons are known
as ApuURsoand HAYTHORNTHWAITE criterion, respectively [2]. However, their polynomialrfios feature
intersections surrounding the physically reasonableesbéfhe surface and their application is intricate.

Isotoxal hexagons as function of stress angle (lower bogad)be described using theoPGORSKI crite-
rion [3]. A criterion for isogonal hexagons (upper boundjwasction of stress angle without case discrimination
is missing. Both hexagons degenerate to the same equlilatengles in border cases.

The present work aims at finding a universal yield criteriohick contains the extremal yield figures and
satisfies all plausibility assumptions.
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Figure 1: Isogonal hexagons (upper bound) consist of tweygetting triangles in the-plane.

AL O O N

Figure 2: Isotoxal (lower bound) and isogonal hexagonseénrtiplane.

4. Universal Yideld Criterion

Consider the minimum functioR = min|x, A]. In order to avoid case discrimination, then operator may be
replaced according to [4]:

(3) Q= |:I£+)\+ (Ii—)\)2:|.

N =

Using the VLEV [2] shape function

4 k(0, B, v) = cos B (7‘(,3 — arccos [sin [7 g} cos[3 «9]})}

and the scaled MRIOTTE [2] shape function

(5) A0, a, B, y) = % (B3a+1) cos [% (7?5 — arccos [— sin ['y g} cos[3 G]D] ,

we obtain the universal yield function

Q6
(6) Oeq = \/E QEO’ 27 27 ::;a

normalized with respect to the unidirectional tensilesdre, = o.. The parameters are restricted as follows:
) a1, Bel1], e[l

This yield function (6) contains the A THORNTHWAITE criterion (isogonal hexagons) withe [0, 1], 5 = 0,
andy = 1, the Capursocriterion (isotoxal hexagons) with € {0, 1}, 8 € [0, 1], andy = 1, and the regular
dodecagon in the-plane according to &KoLOVsKY [2] with « = 1/3, § = 1/6, andy = 1 without plane
intersecting. The/oN MISES criterion follows witha € [0, 1], 8 € [0, 1], andy = 0.
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1. Introduction

Selective Laser Melting (SLM) is a technique belonging to additive manufacturing, a processing technique
in contrast to the traditional material removal or casting technologies, which displays a great potential for
industrial applications. Using the SLM process, a full dense metallic part with complex geometry can be pro-
duced directly and incrementally. The workpiece is manufactured using a high thermal energy source, e.g. a
laser beam, to melt the metallic powder. Thus, the respective part undergoes a solid-liquid and subsequently a
liquid-solid phase transformation which together result in high eigenstresses. To optimize the process param-
eters, the thermal, mechanical and metallurgical process has to be predicted. Thus, a finite element simulation
using an appropriate model able to capture the constitutive material behaviour and the process itself is nec-
essary. There are various models, as e.g. [6], which mostly focus on the temperature evolution, while using
temperature-dependent material properties. In this contribution, the material modelling framework is adopted
from solid-solid phase transformation simulation of shape memory alloys, cf. [1] and applied to the modelling
of the different material states during the SLM process — powder, molten and re-solidified — as phase changes.

2. Thermomechanical framework

A fully coupled thermomechanical model is used to capture the temperature evolution and the process-induced
eigenstresses. The linearised strain measure € is applied, which is considered appropriate for the moderate
strains occurring during SLM. The finite element simulation is based on the balance of linear momentum and
the energy equation,

(H V-o+b = 0,
) —V-q+7+Diech + 0090 : € — Dyeen ] — ¢ =

In these equations, o describes the stress tensor, b is the body force, g represents the heat flux vector, r
denotes the externally supplied heat, Dy,ecl, Symbolizes the mechanical dissipation, 6 is the temperature and

c:=—-0 agaw defines the effective specific heat capacity.

3. Constitutive framework

A mechanical material model based on fundamental constitutive models for each phase of the material, namely
powder, molten and re-solidified, is used in this contribution. Adapting the framework provided in e.g. [1], the
constitutive behaviour of each phase is modelled via phase energy densities ¢); which consist of a mechanical
and a caloric part. The constitutive model for the case of coexisting phases is obtained via a mixture rule

Nph

3 = &vile)
i=1

where ; describes the volume fraction and &; the total strain of the respective phase 7. The range of the volume
fractions is restricted by > ;" | & = 1 and 0 < & < 1. An additive decomposition of elastic and inelastic strains
is applied, where the only inelastic contribution considered is thermal strains in the re-solidified phase. With
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this at hand, the temperature-induced change of the material’s composition is obtained via energy minimisation
of (3) resulting in

4 rel — : n

) ¢ = min {4}

subject to

(5) ’I“EZE—Z&'EZ':O.
i=1

Thus, the relaxed energy density is obtained by the minimisation of the averaged energy density w.r.t. the to-
tal strains in each phase and the volume fractions. With this at hand, an explicit formulation for the optimal
strains within the respective phase can be calculated. An additional constraint épow < 0 needs to be taken into
account, as the rate of the powder fraction épow can only decrease. The minimisation problem with the inequal-
ity constraints is treated via the Karush-Kuhn-Tucker approach to calculate the respective volume fractions.
Accordingly, the thermal model has to be adapted. A standard linear heat expansion model is used w.r.t. the
irreversible strains in the re-solidified phase, whereas a classic isotropic Fourier ansatz is made for the heat con-
duction model. Thus, an averaged heat conduction and the effective specific heat capacity is used. Altogether,
this establishes a physically well-motivated material model, where the different states of the material, namely
powder, molten, and re-solidified, are captured as single phases with respective volume fractions.

4. Implementation and numerical examples

The constitutive framework is implemented into the commercial finite element software Abaqus. Here, the fully
coupled thermal-stress analysis is used which is based on the weak forms of (1) and (2). Then, the previously
explained constitutive material model is defined as an user material in the subroutine UMAT. For the imple-
mentation further numerical reformulations are necessary. The Karush-Kuhn-Tucker constraints are rewritten
by the Fischer-Burmeister nonlinear complementarity functions as established in [3], see also [1], [5]. Thus, the
determination of the volume fractions of the respective phases is possible via standard Newton-type algorithms.
In addition to the update of the volume fractions which are saved as internal state variables, the algorithmic tan-
gent and the stress update have to be defined within the routine. Finally, a model of the SLM process itself has
to be developed. Therefore, a layer is built up with the help of (de-)activated elements which Abaqus enables by
the interaction Model Change. This method has been established in [4] and is also used by e.g. [6]. Furthermore,
an additional subroutine is applied to model a moving volumetric heat source representing the laser beam. For
further information on Abaqus the interested reader is referred to [2]. In a final step, the commercial simu-
lation software is used to generate representative small-scale examples using the aforementioned constitutive
framework and process model. This allows the generation of — at the present state of investigation — qualita-
tively accurate predictions of the evolution of the material states and temperature, as well as the simulation of
process-induced eigenstresses and the workpiece’s final geometry.
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1. Introduction

The prediction of the thermomechanical properties of materials with single and multiple porosity has been
one of hot topics of continuum mechanics for more than one hundred years. The mathematical models for
materials with single and multiple voids have found applications in many branches of civil and geotechnical
engineering, technology and biomechanics. In this connection, Cowin and Nunziato [1] presented the linear
theory of elastic materials with single voids. Iesan [2] extended this theory and developed a linear theory of
thermoelastic materials with single voids. Nowadays, these mathematical theories are extensively investigated
by several authors and the basic results may be found in the books of Ciarletta and Iesan [3], Iesan [4],
Straughan [5] and references therein.

Further, Iesan and Quintanilla [6] developed the theory of thermoelastic materials with double voids by using
the mechanics of materials with voids. Moreover, in this new theory the independent variables are the displace-
ment vector, the volume fractions of pores and fissures and the variation of temperature. The basic boundary
value problems (BVPs) of equilibrium and steady vibrations in the theory of elasticity for materials with double
voids are investigated by using the potential method by several authors (see [7]- [10]). Most recent results in
the theories of materials with double voids are given in the new book of Straughan [11].

Recently, Svanadze [12] presented the linear equilibrium theory of elasticity for materials with triple voids
structure by using the concept of the mechanics of materials with voids, and the uniqueness and existence
theorems for regular (classical) solutions of the internal and external BVPs of equilibrium are proved by using
the potential method.

In this work the mathematical model of the linear thermoelasticity for materials with triple voids (macro-, meso-
and microporosity) structure is developed. In this model the independent variables are the displacement vector,
the volume fractions of macro-, meso- and micropore networks and the variation of temperature. The BVPs of
steady vibrations of this theory are investigated by using the potential method.

2. Basic Equations

Let x = (21,2, 23) be a point of the Euclidean three-dimensional space R?. In what follows we consider an
isotropic and homogeneous elastic material with triple porosity structure that occupies a region of R3; u(x)
denote the displacement vector, u = (u1, ug, u3); ¥1(x), Y2(x) and p3(x) are the changes of volume fractions
from the reference configuration corresponding to macro-, meso- and micropore networks, respectively; 6 is
the temperature measured from the constant absolute temperature Ty (T > 0).

Within a dual porosity conceptual framework [6], the system of homogeneous equations of steady vibrations
in the linear theory of thermoelasticity for materials with triple voids structure has the following form

pAu+ (A + p)Vdiva + b,V ¢; — %V + pw?u = 0,
(1) (ou; A+ prjw? — aij) pj — bydiva + v, = 0,

EAO + iwTy(a b + vo diva + v;¢;) = 0,

where A is the Laplacian operator, [ = 1,2, 3; p is the reference mass density, p;; = d;;p; (no sum), ¢ is the
Kronecker delta, p1, p2 and p3 are the coefficients of the equilibrated inertia corresponding to macro-, meso- and
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micropore networks, respectively, p; > 0 (j = 1,2,3); w is the angular frequency; a, a;;, b, k, aq;, 70, Vi, A
and u are the constitutive coefficients and repeated indices are summed over the range (1,2,3). We assume
that the internal energy of the isotropic and homogeneous thermoelastic materials with triple voids is positive
definite.

3. Basic results

The following results in the considered theory are obtained:

(i) The governing field equations of the linear theory thermoelasticity for materials with triple voids is presented
by using the mechanics of materials with multiple voids;

(i1) The fundamental solution of the system (1) is constructed explicitly by means of elementary functions and
its basic properties are established;

(iii) The basic internal and external BVPs are formulated. Green’s formulae and Sommerfeld-Kupradze type
radiation conditions are established;

(iv) The uniqueness theorems for these BVPs are proved. The basic properties of the surface (single-layer and
double-layer) and volume potentials and singular integral operators are established;

(v) The BVPs are reduced to the equivalent singular integral equations for which Fredholm’s theorems are
valid;

(vi) Finally, on the basis of the potential method and the theory of singular integral equations the existence
theorems for the classical solutions of the BVPs of steady vibrations are proved.
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1. Introduction

Cyclic circular loading path is classified as a non-proportional deformation. Experimentally it can be
obtained by the use of two out-of-phase sinusoidal signals of strain or stress: axial and shear [1, 2]. The
phase shift between the signals should be equal to 90 degrees. An influence of circular path on material
behaviour is investigated by many research groups [1-4]. They analyse variations of stress state components
versus time. The results enable analysis of a cyclic softening or hardening of materials [1, 2, 4], variations of
principal strain directions [3], and effective strain evolution [2]. For better understanding of material
behaviour under non-proportional cycles further systematic investigations are required.

2. Experimental procedure and results

All tests were carried out at room temperature using thin-walled tubular specimens and servo-hydraulic
testing machine. The wall thickness and gauge length of the specimens were equal to 0.75 mm and 60 mm,
respectively. The 2024 aluminium alloy, widely used in aircraft industry, was selected for investigations.
Strain gauges, cemented on the specimen measurement length, were used to control the testing machine.
Two strain signals: axial and shear were applied to create circular strain path, Fig 1. Four values of the
effective strain amplitude were selected in the experimental programme: 0.2, +0.4, £0.6 and +0.8%. The
frequency was constant (0.02Hz).
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0.004 Q7= - l- =gt 1 400 0.004
,,,,,,,,,,,,, ‘ 200+ ©
V3 0 0 | S <
[y - S T & S R S - = _ {_ ©
() 1 a 0 9 ° &
& : -200 £
-0.004 b i 400.] -400 --0.004
,,,,,,,,,,,,,,,, ] ) MP Poey, @201+
0.0084 3 cos -600 +——————— ?Xi‘[g 'a] 800 VA Y el Gl 0,008
- - -600-400-200 O 200 400 600 - L b
0.008 -0.004 0 0.004 0.008 100 120 140 160 180 200
Time [s]
Fig. 1. Circular strain path for Fig. 2. Stress response into  Fig. 3. Retardation time between strain
effective amplitude of +0.8% the programme shown in and stress signals during cyclic
Fig. 1 deformation along circular strain path

Material behaviour during deformation along circular strain path was elaborated on the basis of: stress
response (Fig. 2); retardation time and retardation angle (f) (Figs. 3, 4c); dynamic modulus (Fig. 4a); and
modulus variation (Fig. 4b). For the strain amplitude of +0.8% the stress response identifies material
hardening, Fig. 2. A comparison of the stress and strain signals as a function of time makes it possible to
determine a retardation time, Fig. 3. This phenomenon becomes more significant with increasing number of
cycles and tends asymptotically to the constant level. Dynamic modulus (Fig. 4a) for axial and torsional
directions can be expressed by the proportion of stress and strain amplitudes:

(1a, b) Ey =2 E, y = d

d_xx
XX_a gxy_a

a
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Stress and strain amplitudes, that are used for calculation of dynamic modulus increment (Fig. 4b) in both
directions considered may be defined by the following equations:

(23., b) Edl_xx = Ed_xx COS(Q)); Edz_xx = Ed_xx Sin(w);
(33., b) Edlixy = Ed7><y COS((D); Edz_xy = Ed_>(y Sln((p)

Retardation angle can be represented by the following relationships:

E E
(4a, b) an(a) o = =% tan(a) , =2

di1_xx Edl_xy

It achieved the highest value at the beginning of cyclic loading, and finally took almost constant magnitude,
Fig. 4c.
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Fig. 4. Visco-plastic effects observed during deformation along circular strain path: (a) dynamic modulus;
(b) dynamic modulus increment; (c) retardation angle

Gradual increase of dynamic modulus (Eg) versus number of cycles identifies the material hardening. For the
final stage of cyclic loading it takes constant level, close to the Young’s modulus of the aluminium alloy
tested. The same effect is observed for the variations of Eq .« and Eg;_y,, Fig. 4b. The variations of Eg, . and
Eq1_xy moduli represent an opposite tendency. In the case of the retardation angle one can notice lowering of
its value up to 17° for both directions taken into account, Fig. 4c. It means that the phase shift between stress
and strain signals did not vanish, however, the saturation state was achieved (Fig. 2 and 4c).

3. Summary

An influence of circular strain path on the material behaviour can be studied on the basis of: (a) variations of
principal strain directions, phase shift and retardation angle between stress and strain signals; (b) increase of
dynamic moduli.
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1. Introduction

When instability in a material occurs, for example due to material or thermal softening, the boundary-value
problem loses its ellipticity and, as a consequence, becomes ill-posed. The theoretical solution of such problem
leads to strain localization in a set of measure zero (for three-dimensional problem it is a surface), whereas the
results of numerical simulations pathologically depend on discretization [4]: the size and the mesh orientation
govern the width and the direction of the localized deformation band. Thus, if ellipticity is lost the problem
requires some regularization.

The ellipticity conditions are well described for isothermal problems involving large strains or inelastic be-
haviour, see e.g. [6] or [S] However, in the case of thermo-mechanical coupling researchers usually assume
some limitations, for example small strains, elasticity [1], or internal adiabaticity (lack of heat conduction) [3].
The aim of this paper is the analysis of the ellipticity condition for large strain thermo-plasticity.

2. Material model

The considered material model involves hyperelasticity and plasticity with the von Mises yield criterion and
associative flow rule. Young’s modulus and initial yield strength may depend on the change of temperature. The
thermomechanical coupling includes thermal expansion and heat production in a plastic process. Following [7],
the multiplicative split of the deformation gradient into reversible and plastic components is used, F = F"F?,
and the free energy function has the form

M) 9077, T) = 5 [ [ B0 (T = To)in(™) ]+ & [ex(L7 157 - 3] +02(3) + 7 (T)

where b” = F"(F")"T, ~ is a measure of plastic strain, 7" is absolute temperature, K and G denote material
parameters, J*" = det(b"), ap is a thermal expansion coefficient and Tj, — referential temperature. The imple-
mentation of a similar large strain thermoplasticity model within AceGen/FEM packages is presented in [8].

3. Ellipticity verification

The condition of ellipticity loss can be derived in two ways. The first one is based on the examination of
equilibrium on a discontinuity surface [3]. It is assumed that a jump of traction (and its rate) across discontinuity
surface is zero

(2) [o]n=0, [6ln=0

where o is Cauchy stress tensor and n is a normal to the discontinuity surface in the current configuration. For
the thermomechanical coupling a zero jump of heat flux q and of its rate is also required

) [a]-n=0, [gq]-n=0
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The second approach involves the analysis of the perturbation of a base state [1]. On the initially homogeneously
deformed specimen with constant temperature distribution the following perturbations are imposed

4 u? (x,t) = exp(ik (n- x + vt))1, TP (x,t) = exp(ik (n-x + vt))T

where x is the particle current position, ¢ is time, & and T' are constant amplitudes, v is wave speed, k — wave
number and 7 — imaginary unit. Inserting definitions (4) into balance equations for linear momentum and energy,
the set of equations for i1 and 7' is obtained.

Both approaches might be formulated in the referential or current configuration. It can be noted that for the cou-
pled thermomechanical problem both methods lead to a set of two equations. There are two special limit cases
which are analysed: isothermal and adiabatic, for which singularity of isothermal and adiabatic acoustic ten-
sors, respectively, indicates the loss of ellipticity. It is worth mentioning that an alternative approach involving
the analysis of generalized eigenvectors is considered in [2].

The derived conditions are numerically tested for samples in tension, simulated within the finite element method
using AceGen/FEM package. The crucial feature of the package is automatic differentiation which is efficiently
applied for the calculation of material tangents required to obtain acoustic tensors. The ellipticity conditions
are verified at selected Gauss points after converged load steps. The exemplary output of the ellipticity analysis
is presented in Figure 1.

Figure 1: Deformed sample with plastic strain measure distribution (on the left) and Gauss points at which
ellipticity is lost (on the right) — results for large strain elastoplasticity
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1. Introduction

Size effects is metal plasticity attract a significant interest in the materials science and mechanics communities.
This work is concerned with the modelling of the size effects induced by strain gradients, for instance, in micro-
torsion, micro-bending, and micro/nano-indentation. The related hardening mechanism (‘smaller is stronger’)
is associated with the geometrically necessary dislocations (GNDs) that accommodate the strain gradients [1].

Modelling of the indentation size effect is in most cases limited to isotropic plasticity, often based on a simpli-
fied geometric model, e.g. [2]. Simulations employing gradient crystal plasticity models are much more scarce.
In this work, a recently developed gradient-enhanced crystal-plasticity model [3,4] is applied to predict the size
effects in wedge indentation.

2. Minimal gradient enhancement of crystal plasticity

In the model of Petryk and Stupkiewicz [3], the classical framework of crystal plasticity is enhanced with slip-
rate gradient effects by extending the usual anisotropic hardening law with a single isotropic term that represents
the GND hardening. Unlike in the frequently used split of the total dislocation density into the densities of
statistically stored dislocations (SSDs) and GNDs, e.g., [1, 2], such a split is applied in an incremental form
only. The difference may seem minor, but it has a significant influence on the resulting model. The internal
length scale £,

a’ub

1 p= G0
(1) 270’

depends on the current flow stress 7 and hardening rate 6, the remaining parameters being essentially known for
a given material. The length scale £ has been shown to be closely related to the mean free path of dislocations
and thus possesses a direct physical interpretation [3]. The resulting ‘minimal’ gradient enhancement of the
hardening law is thus free of any fitting parameters. Specifically, the following gradient-enhanced hardening
law for the critical resolved shear stresses 75 has been derived,

2 %;=0<anglw|+€x>,

B

where the slip-rate gradient effects are introduced through the term £y, and x is the effective slip-rate gradient.
For £x = 0, the usual hardening law is recovered with g, denoting the latent-hardening interaction matrix.

3. Simulation of wedge indentation into nickel single crystal

The model has been applied to simulate wedge indentation into a nickel single crystal [5]. The experimental
results reported by Dahlberg et al. [6] and Sarac et al. [7] have been used for verification of the model in
the range of relatively large indentation depths (about 200 ym) for which the gradient effects are expected
to be negligible. A good agreement with the experiment has been obtained in terms of the indentation load—
penetration depth curves for three wedge angles, as well as in terms of the distributions of lattice rotation,
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GND density, and net Burgers vector. At the same time, the results obtained confirm that the effect of slip-rate
gradients is indeed negligible for the indentation depth of 200 um. Subsequently, the size effects have been
studied by varying the maximum indentation depth in the range between 200 ym and 1 ym. In this range of
indentation depths, the size effect manifests itself in the increase of hardness by the factor of approximately
four with respect to the large penetration-depth limit. This is also accompanied by size-dependence of other
features, including the residual imprint. Sample results are shown in Figs. 1 and 2.
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Figure 1: Wedge indentation into a nickel single crystal: deformed mesh in the vicinity of the indent (left), in-
dentation load—penetration depth curve (middle), and the dependence of hardness on the maximum indentation
depth (right).
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Figure 2: Distribution of GNDs near the indent: experiment [7] (left) and simulation (right).
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1. Introduction

In the paper, the numerical modelling of heat transfer in two-dimensional metal films is considered. The
fuzzy coupled lattice Boltzmann equations for electrons and phonons supplemented by the adequate
boundary and initial conditions have been applied to analyse the thermal process proceeding in a thin metal
film. The two-dimensional 9-speed model (D2Q9) with fuzzy trapezoidal values of relaxation times and
boundary conditions is proposed. The problem considered is solved by the fuzzy lattice Boltzmann method
using o -cuts and the rules of directed interval arithmetic [1]. The application of o -cuts allows one to avoid
complicated arithmetical operations in the set of fuzzy numbers. In the final part of the paper the results of
numerical computations are shown.

2. The fuzzy Boltzmann transport equation

The fuzzy Boltzmann transport equations for the 2D coupled model with two kinds of carriers (e-electrons
and ph-phonons) can be written using the following formulas [2]

08, 5 g —6) .
(1) _+Ve'vee =T +Qe
ot T,e
06 ~ 6. —6% .
(2) a—:h-'-vph 'veph == ph~ i +Qph

where €, €, are the fuzzy energy densities, &2, égh are the equilibrium fuzzy energy densities, v,, v, are

the frequency-dependent propagation speeds, 7., T, ,, are the fuzzy relaxation times, t denotes the time and
Qe, Q o are the fuzzy energy sources related to a unit of volume for electrons and phonons respectively.

The fuzzy values of the electron and phonon energy densities at their equivalent nonequilibrium
temperatures are given by the formulas

- 2 k%) .
(4) g, (Te)=(ne = ij
2 g
SO My Ky, % (T z° =
5 = P — = dz ([T
( ) eph (rph) ( G)sl; _([ eXp(Z)—l z ph

where ®, is the Debye temperature of the solid, k, is the Boltzmann constant, ¢, is the Fermi energy,
T, 'fph are the fuzzy lattice temperatures for electrons and phonons respectively, while n, is the electron

density and 1 ;, is the phonon density.
The fuzzy electron and phonon energy sources are calculated using the following expressions [2]

(6) Qe = Q’_G(-I:e _-I:ph ) Q~ph = G(-I:e _-I:ph)
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where Q' is the power density deposited by the external source function and G is the electron-phonon

coupling factor which characterizes the energy exchange between electrons and phonons. The equations (1)
and (2) should be supplemented by the initial and boundary conditions [3].
The temporal variation of laser output pulse is treated as source term in the energy equation and may be
approximated by the form of exponential function [3]

2x?

(7) Q(x,t)=1,5e¥Pe r*

where |y is the peak power intensity of the laser pulse, & is the absorption coefficient, B is the laser pulse
parameter, r is the radius of the laser beam, x and y are the coordinates.

3. Results of computations

As a numerical example, the heat transport in a gold thin film of the dimensions 1000 nm x 200 nm has been
analysed. The following input data have been introduced: §,,=0q,,=0,;= 0W/m?,

T, =(285,292.5,307.5,315)K, T,=3 0 C At=0.01lps, fuzzy relaxation times for phonons
Ton =(tpn —0.05t, 7, —0.0257 ,,7,, +0.025¢

oh o Ton +0.057,) and electrons 7, =(t, —0.057,, T, -
0.025t,, 1, +0.0251,,1, +0.051,), r =160nm, the other material and laser properties are defined in Table 1.

ph? e

T [PS] | 7 [ps] | ©p [K] | n,(x10%) [1/m°] | &, [eV] | 1,(x10%) [W/m?] B(xlo“)[l/s] 8(><107)[1/m]
Au| 08 0.04 170 59 553 2 05 755

Table 1: Material and laser properties.

Figure 1 illustrates the fuzzy electrons heating curves obtained for o =0.5 in the nodes: (100, 80) — 1, (100,
100) — 2 and (100,120) — 3.
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Fig. 1. Fuzzy electrons heating curves in chosen nodes.
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1. Introduction

Many studies in the theory of composite materials are based on the homogenization approach, which consists
of the substitution of the heterogeneous medium by a homogeneous one with certain effective properties [1,2].
These effective properties are obtained from internal asymptotics which excludes boundary layer effects. On
considering the individual ply, at the boundary of the domain one can notice a disruption of periodic arrange-
ment. This disruption leads to possible loss of periodicity, hence the asymptotic approach needs to be cor-
rected [3]. Here, boundary layer study is a correction in the micro solution which accounts for the error in the
boundary condition. This error gives rise to a boundary layer which decays very quickly when it travels to the
interior of the domain.

2. Asymptotic homogenization for multiple scale analysis

Homogenization methods have proven to be powerful techniques for the study of heterogeneous media [4].
The existence of two length scales such as length scale of the microstructure € and the length scale of the
structure, L. The two scales x; and y; are spatial variables, where x; is a macroscopic quantity and y; = x; /¢ is
a microscopic one as y; is associated with the length scale of the inclusions or heterogeneities. The solution u$
are approximated with an asymptotic series representation in € to admit the following ansatz

(1) u (;9) = ul(-o) (X) +¢ (u(l)(f; v) + u{? (7 ﬂ)) + hot

7 7

where each function u;(z, y) is Y -periodic function with respect to fast variable y, ufl is a decaying function in
direction normal to free edge and periodic in all other y; directions.
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Figure 1: Elastic body with Y - periodic cells tends to infinity

The periodic micro correction to u1(y) can be obtained from each of the six fundamental macro-strains e, by
solving the periodic cell problem. From the equilibrium equation and the consistency condition we get,

1
(2) [ </V (Cijkt (OkmOin + Xklmn,) dv))] (Emn) sz, +fi =0

VervE

The expression inside the square bracket is equal to C’ij 1, which is the RVE volume averaged/effective global
stiffness and it is a macro problem, where X 1S the fully periodic solution.

3. Problems at the vicinity of the boundary

Due to the boundary layer phenomenon, this homogenized system depends in a non trivial way on the bound-
ary [5]. Considering the cell at the boundary of the composite material, as shown in Figure 1 with homoge-
neous Dirichlet boundary condition, we get uS|r, = u? + e (uzl + ui?l) = 0. But u?]pD = 0 which gives
ufl Ir, = —ui|r,, as displacement boundary condition for the boundary layer correction with the enforcement

of ugo) (Z) = 0 but ugl) (%, 9) # 0. This is coupled with the consistency enforced equilibrium equation as
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0
3) a_y'Cijklgzll =0
(3
The above condition means that, uﬁ-’l is not required to be fully Y - periodic and therefore, one needs to solve
ufl for only one column of cells starting from I'p as shown in Figure 2.

4. Results

Selected results for the decay of the displacement fields for three different fibre orientations are shown in Figure
3. Variation of stress fields for both fully periodic and boundary layer problem are shown in Figure 4 for unit
macro strain of €,,. Microstructural effects for different fibre orientation have been investigated according to
the procedure described in [5].
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Figure 2: Decay of the displacement norms for unit macro strain (¢, ») over the RVEs with fibre orientation at (a) 0 © (b) 90 © (c) 45 °
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Figure 3: Distribution of micro stress fields (o) due to unit macro strain (e, ) over the RVEs of (a) 0 °© (b) 90 ° (c) 45 ° - for fully periodic problem
and (d) 0 ° (e) 90 ° (f) 45 © - for boundary layer problem
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1. Introduction

In modern practice, the micromechanical devices play a broad spectrum of roles and find expanding application
in engineering and industry. With schrinking device dimensions to submicrometer level, in addition to mechan-
ical and electric forces, the Casimir force induced by the electromagnetic fluctuations comes into play. This
attractive force is of entirely quantum nature. It acts even between uncharged material surfaces and far exceeds
typical electric forces for devices of size below a few hundred nanometers [1]. Experts in micromechanics have
long been aware [2] that the Casimir force may play a detrimental role in the functionality of a micromechan-
ical device leading to a jump of the moving part of it to a fixed piece. This phenomenon was called a pull-in
or stiction. It was also demonstrated [3] that the Casimir force can be used for actuation of a micromechanical
oscillator. This device was refined and found numerous applications in precise measurements of the Casimir in-
teraction and in micromechanics [1,4]. What is more, the possibility of frictionless transduction of mechanical
motion through a vacuum gap using the lateral Casimir force [5, 6] was proposed [7].

2. Optical chopper driven by the Casimir force

It is well known that the standard mechanical choppers exploit the wheels of various shape which should have
a highly stable rotating speed. Here, we demonstrate that it is possible to create the micromechanical optical
chopper with no rotating wheels driven by the Casimir force. The key element of this device is the Fabry-Pérot
microfilter schematically shown in Fig. 1. The length of its resonator cavity a should be made only slightly
larger than the half wavelength A\/2 of the incidence laser beam I;,,. When the laser is switched off, the top of
the right mirror, under an action of the attractive Casimir force F'(a) and mechanical electric force, will become
for Aa closer to the top of the left mirror. The balance of both forces is given by

(1) kAa = %P(Q)S,

where k is the spring constant of the 5 um thick wall, P(a) = F(a)/S is the Casimir pressure expressed by
the Lifshitz formula [1], and S = 50 x 50 um? is the common area of the wall and of the cube side. Note that
detection of the mechanical deformation of a macroscopic object induced by the Casimir force can be observed
by means of an adaptive holographic interferometer [8].

When the laser is switched on, the effective resonator length over an area of the light beam becomes equal to
A2, 1i.e., the resonance condition is obeyed [9]. This leads to a cyclic process. First, the amplitude of a standing
wave in the resonator will instantaneously increase resulting in a detection of relatively high intensity I, of
the transmitted light. Then, the repulsive force due to the light pressure in the resonator will compensate the
Casimir force and the right mirror will become vertical. This means that the effective resonator length becomes
larger than A/2 in violation of the resonance condition, and the wave amplitude in the gap falls down leading
to an almost zero level in the transmitted light ;.. Finally, the Casimir force, which is not balanced by the
repulsive force due to the light pressure any more, will work against the mechanical elastic force and return the
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m

a

Figure 1: Two thin metallic mirrors marked by dark-grey deposited on the side of a SiO5 cube and on a thin
SiO, wall form a microresonator.

right mirror in its initial inclined position where the resonance condition is again obeyed. Thereafter, the next
working cycle of a micromechanical chopper starts.

Detailed computations of the mechanical elastic, Casimir and light-pressure forces and their balance for the
CW Nd-YAG laser (with A = 532.0nm and 7mW power) and Ag mirrors of 1.175 nm thickness, presented in
the talk, demonstrate feasibility of the proposed microdevice.

3. Conclusions

Various micromechanical devices are of considerable current use in both fundamental science and technological
applications. Wecemphasize that in microdevices of next generations with sizes below a few hundred nanometers
the role of a driver will be played by the fluctuation-induced Casimir force. One device of this type, an optical
chopper, is proposed in this presentation.

References

[1] M. Bordag, G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko. Advances in the Casimir Effect. Oxford
University Press, 2015.

[2] E. Buks and M. L. Roukes. Stiction, adhesion, and the Casimir effect in micromechanical systems. Phys. Rev. B,
63:033402, 2001.

[3] H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. J. Bishop, and F. Capasso. Quantum mechanical actuation of micro-
electromechanical system by the Casimir effect. Science, 291:1941, 2001.

[4] G. L. Klimchitskaya, U. Mohideen, and V. M. Mostepanenko. The Casimir force between real materials: Experiment
and theory. Rev. Mod. Phys., 81:1827, 2009.

[5] H.-C. Chiu, G. L. Klimchitskaya, V. N. Marachevsky, V. M. Mostepanenko, and U. Mohideen. Demonstration of the
asymmetric lateral Casimir force between corrugated surfaces in nonadditive regime. Phys. Rev. B, 80:121402(R),
2009.

[6] H.-C. Chiu, G. L. Klimchitskaya, V. N. Marachevsky, V. M. Mostepanenko, and U. Mohideen. Lateral Casimir force
between sinusoidally corrugated surfaces: Asymmetric profiles, deviations from the proximity force approximation,
and comparison with exact theory. Phys. Rev. B, 81:115417, 2010.

[7] A. Ashourvan, M. Miri, and R. Golestanian. Noncontact rack and pinion powered by the lateral Casimir force. Phys.
Rev. Lett., 98:140801, 2007.

[8] V. M. Petrov, M. P. Petrov, V. V. Bryksin, J. Petter, and T. Tschudi. Optical detection of the Casimir force between
macroscopic objects. Optics Lett., 32:3167, 2006.

[9] M. Born and E. Wolf. Principles of Optics, Cambridge University Press, 1999.

35



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

MICROMORPHIC MODEL FOR SIMULATION OF LUDERS-LIKEBANDS
IN SMAs
M. Rezaee Hajidehi and S. Stupkiewicz

Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland

e-mail: mrezaee @ippt.pan.pl, sstupkie @ippt.pan.pl
1. Introduction

Based on experimental observations, the stress-induced pseudoelastic response of shape memory alloys
(SMAs), e.g. the uniaxial response of NiTi wire in tension, is often accompanied by strain localization and
macroscopic phase front propagation. To simulate this phenomenon appropriately, a gradient-enhanced model
and its micromorphic counterpart are developed [2]. The latter, which facilitates the computational treatment,
is performed by adding an extra variable, the micromorphic peer of the volume fraction of martensite, into the
model, see Maziére and Forest [1]. The resulting micromorphic model is then implemented into a finite-element
framework based on an incremental energy approach combined with the augmented Lagrangian treatment, see
Stupkiewicz and Petryk [3].

Finally, to study the effect of loading rate on the localization and fronts propagation, the micromorphic model
is extended to a thermomechanically coupled version.

2. The thermomechanically coupled micromorphic model

In this study, the Helmholtz free energy function of SMA is adopted in the following form,

1
(1) ¢(€, m, T) = ¢chem(777 T) + d)el(ga 77) + d)int(n) with ¢int - §H7727

where Gcnem (1, T), ¢er(e,n) and ¢ine(n) are, respectively, the chemical, elastic and interaction energy contri-
butions, 7 is the volume fraction of martensite, 7’ is the temperature and H is the hardening/softening parameter.

Equation (1) is only applicable when H > 0, i.e. for hardening behaviour. For H < 0, a softening response
is obtained and the loss of ellipticity of the governing differential equations occurs that makes the numerical
results inadmissible.

One way to regularize the problem is to enhance the model with the gradient term (1/2) G|Vn|?, where G is a
positive parameter. However, the direct implementation of the gradient-enhanced model is not straightforward,
because of the presence of the Laplacian of 7. Thus, a micromorphic regularization is performed in which a
new degree of freedom 7] is inserted into the local model (1), i.e. the free energy function is modified as,

o 1 _ 1 _ ) G
(2) ¢M<€7 n,n, V77a T) = ¢(€7777T) + §X(77 - 77)2 + iG’VUP, with X = 672

where / is an internal length parameter.

In order to make the model thermomechanically coupled, first, the chemical part of the free energy ¢cnem (1, T')
is taken as a linear function of 1" and 7 to relate the pseudoelastic response of SMA to the temperature. Then,
the latent heat of transformation together with the dissipated energy are considered as the local heat sources in
the heat equation.

3. Numerical application

To demonstrate the suitability of the proposed micromorphic model, the uniaxial response of a NiTi wire in
tension is studied [2]. To this end, the effect of loading rate on the force-displacement curve, the hysteresis
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Figure 1: Detailed results corresponding to two loading rates &: force-displacement curve (left), transformation
pattern (middle), relative temperature field (right). The dashed lines in the force-displacement curves represent
the experimental results of Zhang et al. [4]

area, the transformation pattern and the temperature field is studied. The numerical results are then compared
with the experimental results obtained by Zhang et al. [4].

Figure 1 depicts the force-displacement curves, the transformation pattern, and the temperature field of the NiTi
wire corresponding to two loading rates. The results demonstrate that for the low loading rate (¢ = 3.3 x 10~*
s~ 1) the effect of thermal hardening is insignificant. On the other hand, for the high loading rate (¢ = 3.3x 1072
s~1), a dominant thermal hardening is observable in the force-displacement curve.

Overall, despite the simplicity of the model, it is able to simulate the nucleation and transformation patterns
induced by softening and its results show a good agreement with the experiment of Zhang et al. [4].
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1. Introduction

The shape of inhomogeneity in micromechanical approach, which uses an inclusion-matrix concept, is
modelled by the concentration tensor. The tensor relates a local average of mechanical field with its
macroscopic counterpart. The concentration tensors for the ellipsoidal inclusion shape are well examined in
the literature. In [1], the authors have compared several strategies for non-ellipsoidal heterogeneity in the
context of homogenization methods: analytical based on Eshelby's tensor decomposition into isotropic and
anisotropic part, and the semi-analytical Mori-Tanaka method with replacement tensor approach (RMTM).

Incorporation of additional microstructural parameters such as particle packing, size of inclusions or
properties of the area between phases (interphase), with simultaneous sustainment of simple formulations, is
possible using the Morphology-based Representative Pattern (MRP) approach [2]. The MRP concept is
based on the idea of the composite sphere introduced by Hashin in 1962. The MRP is formulated for an
elastic and isotropic continuous matrix and isotropically dispersed spherical inclusions with equal radiuses.

The MRP takes into account the mean minimum distance between inclusions A and, by introducing an
additional phase ¢, at the boundary of the composite components, the effect of the particle size. In the
simplest example of two-pattern approach the microstructure of composite is simplified using two
representative patterns (see Fig.1): the first one governed by the n-phase GSC scheme (4-GSC), and the
second one described by the classical self-consistent scheme (SC). The first n-GSC pattern can be changed to
e.g. the RMTM pattern in order to study influence of inclusion shape. To account for the size effect in the
first pattern an interphase is introduced, having a thickness ¢, independent of the particle radius R; and
different properties than the basic two phases. To describe the packing effect, the coating thickness in this

pattern is specified by half the mean minimum distance between nearest-neighbour particles A /2 in the
RVE.

Simplification for 4 phase Generalized Self- Self-Consistent scheme
modelling Consistent scheme (4-GSC) (SO)
L L
Packing parameter A Inclusion area — diameter A Remaining matrix

Fig.1 The idea of MRP approach. For the presented simplest case of MRP the mean radius R; and the mean

minimum distance A between nearest-neighbour particles are calculated. The MRP is divided into two sub-
problems: 4-GSC and SC, joint solution of these two sub-problems is final result of MRP model. GSC
pattern describes an influence of local mechanical fields in the area of inclusion (spherical region of radius

equal to A/ 2) on the macroscopic composite response and SC considers remaining matrix. The interphase,
of different material parameter and thickness ¢, describes the size effect of inclusions.
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2. Results

Analytical multi-scale models based on the inclusion-matrix concept, like MRP, take into account the shape
of heterogeneity through a concentration tensor. Nogales and Bohm (2008) have extended the standard Mori-

Tanaka scheme to inhomogeneities of non-ellipsoidal shapes by introducing the dilute “replacement”
AFEM

inc

inhomogeneity strain concentration tensor For Mori-Tanaka method with replacement tensor

approach (RMTM) the strain concentration tensor is

RMTM
A

inc = [C I + Cm (AFEM )71]71

inc inc

where A" for non-elliptical or non-ellipsoidal inhomogeneities has to be obtained numerically, e.g., from

inc

Finite Element (FE) simulations of a single inhomogeneity of appropriate shape and properties embedded
into a large, but finite matrix region, see Fig.2b-d. The unit cells, Fig.2b-d, were exploited to determine the
numerical concentration tensors for different inclusion shapes. The unit cells based on the microstructure
photos obtained using Scanning Electron Microscope (SEM) and were modelled using FEM. The local stress
and strain fields were computed at the Gauss points of FE for known macroscopic boundary conditions.
Preliminary results concerning the effective Young modulus of polymer matrix composite reinforced with
glass particles of different shape of inclusions are shown in Fig.2a. The numerical results are computed using
numerical homogenization and FEM, the experimental results are adopted from [Kushvaha et al., 2014]. As
the reinforcement volume increases, the stiffness of the composite increases, and the influence of the
reinforcement shape is more visible.

1.7 P Numerical model -
egen
FEM
*  Experimental data
1.6 [
y ®  Numerical homogenization ®
= *
P, * | b)
S; a Inclusions shape: sphere
g Flake
S 14 l ¥
I Rod
S )
w *
3 Sphere
= 13 C)
E H
g flake
1.2 i
3
o
>
1.1
d)
1.0
rod
0.00 0.05 0.10 0.15
a) Volume fraction of inclusions f;

Fig.2 a) the macroscopic Young's modulus (composite/matrix) E./E,, vs. the volume fraction of inclusions f; .
The results of mechanical tests [Kushvaha et al., 2014] of polymer matrix composite reinforced with glass
particles of various shapes: flake, rod and spherical is compared with the outcomes of numerical
homogenization outcomes. b)-d) The unit cells set in FEM based on the microstructure SEM photos
[Kushvaha et al., 2014].
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1. Introduction

The use of polymeric materials in various engineering applications, e.g., wipers, tyres, seals, has resulted in an
increasing number of studies of their contact behaviour. The lubricated elastomeric contacts usually operate in
special conditions which can be classified as the soft-elastohydrodynamic lubrication regime (soft-EHL). As
one or both contacting bodies are highly compliant, relatively low contact pressures may lead to large defor-
mations which in turn influence fluid flow. The soft-EHL regime is also characteristic for many biotrobological
contacts, e.g., synovial joints, eye-eyelid contact, oral processing of food, which results in an increased interest
in lubricated soft contacts.

Motivated by the applications mentioned above, we have performed a series of friction measurements using a
home-made ball-on-disc tribometer [1]. NBR rubber and steel were used to produce elements of the tribo-pair.
Three types of the ball-on-disc set-up, namely soft-on-hard (S/H), hard-on-soft (H/S) and soft-on-soft (S/S),
have been examined. The friction coefficient has been investigated in lubricated contact conditions for varied
sliding velocities and normal loads high enough to cause finite deformations, recently studied in soft-EHL [2].

2. Hysteretic friction coefficient

In our experimental set-up, the ball, fixed in a grip and loaded by a normal force, slides on a lubricated flat
disc, and the friction force is measured. In the H/S and S/S configurations, the contact zone is moving with
respect to the rubber disc. The disc is thus repeatedly deformed, and this is associated with hysteretic losses
in the viscoelastic rubber material. Accordingly, the measured friction force comprises then two components:
the interfacial friction force and the hysteretic friction force. In the S/H configuration, there is no hysteretic
friction because the rubber ball, once loaded by a constant load, does not deform any more. To estimate the
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Wy =193 N 1
Ws = 5.13 N ]
-~ 107 1 W = 0.98 N |
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8 £ 006 v 025N
= _ -
% 107} 1 8
g ]
= £ 004} i
5 100" 1 S ’
=1
E E |
G.Jh —10 E
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w, st Sliding velocity v, m/s
(a) b)

Figure 1: (a) Real and imaginary part of the complex function 1/E(w) for NBR rubber: transformed DMA
measurements (markers) have been fitted by the Prony series (solid lines). (b) Hysteretic friction coefficient
Inyst as a function of the sliding velocity v and load W for the H/S configuration.
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hysteretic friction coefficient piys;, NBR rubber has been characterized via DMA measurements, cf. Fig. 1a.
After extrapolating the experimental data with use of the Prony series, the Persson’s model [3], see also [4],
has been used. Results of ju,y4 as a function of the sliding velocity v for the H/S configuration and all loads
W used in the experiment are shown in Fig. 1b. In the whole range of sliding velocities, the hysteretic friction
coefficient increases with increasing load.

3. Correction for the hysteretic losses

Results of friction measurements in lubricated contact conditions are usually visualized via so-called Stribeck
curves, representing the dependence of the friction coefficient on U, the product of the entrainment speed U
and lubricant viscosity 7. Fig. 2 shows the experimental data for all considered configurations and for the normal
load W = 5.13 N. Transition from the full elastohydrodynamic to mixed lubrication regime is well captured.
The estimated hysteretic friction coefficient characteristic for the H/S and S/S configurations has been used for
extraction the interfacial friction, results of which are shown in Fig. 2 with filled markers. As a reference, the
corresponding results for the S/H configuration are also included in Fig. 2. It can be seen that, upon correction
for the hysteretic losses, the friction coefficient in the elastohydrodynamic regime (see the increasing branch
corresponding to higher values of Un) does not depend on the configuration.

O raw exp. data o raw exp. data
@ corrected exp. data @ corrected exp. data
0.1F0 0.1+
1] D[D A
+ i} A )
8 ha oy, 8
S 0.05 A, S 0.05+
& s, O &
[ [}
8 B 8
= A h =
.9 g
= A i =
Ny
0.01 - 0.01 -
10" 107° 1072 10" 10° 10 107° 1072 107! 10°
Un, N/m Un, N/m
(a) (b)

Figure 2: Friction coefficient as a function of Un: raw experimental data (empty markers) and friction coeffi-
cient corrected for hysteretic losses (filled markers) for the H/S configuration (a) and S/S configuration (b) for
the load W = 5.13 N. Results corresponding to the S/H configuration are provided as a reference.
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1. Introduction

The main purpose of this work is determinationrf tincertainty level in the strain, dissipated imernal
energies of particulate composite subjected to ifiagyclic stretch. This is done for the hexagonal
Representative Volume Element (RVE) of this hydastic two-phase composite clearly demonstrating
a hysteretic behavior. The first component — a spaleparticle located centrally in the RVE — iadarly
elastic and has material parameters equak te 10GPa and u = 0.3; hyper-elastic polymeric matrix
occupies 95% of the RVE. This RVE is presentediin E and, except its initial and final configurats, it
also includes the mesh. Uncertainty in this analyssults from the probabilistic constitutive modélthe
matrix having the given level of statistical disgen in its stiffness resulting in different strestsain curves.
The minimum, mean and maximum values are presentédy. 2, where the stretching level of this RVE
increases together with each of four stretch cyaled returns to zero in the end point of this asialy
Random output includes expected values, coeffisiehvariations, skewness and kurtosis of bothielasd
dissipated energies. This analysis is a continnaifa¢he previous considerations for an uncertaimtynear
elastic particulate composites [1,2]; interestetlezs may refer also to Clément et al [3] or Mal 4], both
concerning stochastic homogenization of composites.

20,
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Figure 1: Discretization and deformation Figure 2: Hysteresis dispersion of the given coriipos
map of the composite RVE.

2. Theory
Let us consider the unitary RVE with linearly elasteinforcement and hyper-elastic matrix consgitlt
below by the Van der Waals constitutive law

2 (I-3 1(734-1
(1) U=uf{-2-3)n@-n+nl-2a(5)}+ 5(”7 - ln(/eo),
wherel = (1 — I, + Bl,, n = /% and [I4,1,] are the first and second deviatoric strain invdsa
The hysteretic behavior of this matrix is goverigdhe following equation:
@) & = AN — 1+ E|(op)™,

whereég” is the effective creep strain rate in networkiB, — 1 is the nominal creep strain, ang is the
effective stress in this network. Statistical dispen is considered for material parameters gowngrniormal
stiffness and Poisson ratio of this composite, f.eand D, so that the resulting behavior of the entire
composite is random and exhibits remarkable uniogytan the stress-strain curve (see Fig. 2).
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3. Results

The final results include the first four probalitischaracteristics of the maximum values of thild&erent
energies, i.e. elastic strain enety, dissipation energ¥,.,; and the total internal enerdy calculated for
the entire RVE. This is done using three differprababilistic techniques, i.e. Iterative Stochastinite
Element Method (ISFEM), crude Monte-Carlo simulatidMCS) and semi-analytical method (AM) with
respect to the input coefficient of variation ofnsttutive model parameters, further denotedcpythese
parameters are assumed to be uncorrelated and i@aufhe expected value is presented in Fig. 3 and
shows a moderate dependence onat("m%) with small decreases of all energies together ustlincrease.
The internal energy is the largest one and is fiadlb by the dissipated energy, while the elasticiemaore
than four times smaller. This is because of a cysfietch, where dissipated energy increases deidic
relaxation, while the elastic one depends on tretctt level only. The internal energy as a sunhesé two
is the largest during the last cycle for the ultienatrain of 0.8, where elastic strain energy iximeed.
During comparison of the output coefficients ofigdon collected in Fig. 4 it is clearly seen thia¢y are
almost proportional and very close to the inputantainty. The one foE,,; is the largest, while variation of
E.q — exhibits minimum value; this difference incremsegether with an increase afc,) and reaches
approx. 30% fora(cp) = 0.15. Output of the three concurrent probabilistic roefh shows a perfect

agreement for the expected values and a little evfmsthe coefficients for variation, but the residre still
very close to each other and within 5% tolerance.
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Figure 3: Expected value of the ultimate elastiaist Figure 4: Coefficient of variation of ultimate diias
E.;, dissipationt,; and internaE; energies in the  strainE,;, dissipatiorE,.; and internakE; energies
RVE vs.a(c,). in the RVE vsa(c,).

4. Conclusions

Deformation energies in hyperelastic RVE of the posite subjected to a cyclic stretch have a cettaiel
of uncertainty, which is almost the same as thedfrike input constitutive law for the matrix. Thralyzed
expectations decrease a little bit together withinenease of an input uncertainty, the skewnessellsas
kurtosis differ both from zeros and demonstrateamdsatble magnitudes.

Acknowledgments The first author would like to acknowledge theafiigial supporof the grant 2016/21/N/ST8/01224
from the National Science Center in Cracow, Poland.

References

[1] D. Sokotowski and M. Kamski. Computational homogenization of carbon/polyroemposites with stochastic
interface defect€Compos. Struct183:434, 2018.

[2] M. Kaminski and D. Sokotowski. Dual probabilistic homogettian of the rubber-based composite with random
carbon black patrticle reinforcemefompos. Structl40:783, 2016.

[3] A. Clément, C. Soize, J. Yvonnet. Computational lmaar stochastic homogenization using a noncoeoairr
multiscale approach for hyperelastic heterogeneoigsostructures analysignt. J. Numer. Meth. Engn@1:799,
2012.

[4] J. Ma, S. Sahraee, P. Wriggers, L. De Lorenzisctgtstic multiscale homogenization analysis of lefeneous
materials under finite deformations with full uri@énty in the microstructur€€omput. Mech.55:819, 2015.

63



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

A HYPOELASTIC CONSTITUTIVE MODEL FOR GRAPHENE AND
CARBON NANOTUBES BASED ON INTERATOMIC INTERACTIONS

D. Jasinska
Institute of Structural Mechanics, Cracow University of Technology, Cracow, Poland
e-mail: djasinska@pk.edu.pl

1. Introduction

Several continuous hyperelastic theories have been proposed for the description of mechanical properties of
graphene and carbon nanotubes, based on interatomic potentials [1], [2], [3] or calibrated from existing
quantum data [4]. In the present paper the hypoelastic constititutive model is proposed for modeling of the
mechanical behavior of graphene sheets and CNT under the assumption of large displacements but small
strains. The model is based on the modified Cauchy-Borne rule with the introduction of inner relaxation, and
directly incorporates potentials describing interatomic interactions accounting for the multi-body effects
through terms depending on angles between bonds.

2. Materials and methods

Unlike the molecular dynamics simulations, where the motion of every atom is tracked, the continuum
theories based on molecular statics represent the collective behavior of atoms through the constitutive model.
Since graphene is a non-centrosymmetric atomic structure, the internal atom of the representative unit cell
(Fig.1) doesn‘t follow the homogenous deformation of the cell edges. Hence the Cauchy_Borne hypothesis,
bridging molecular and continuous scales, has to be augmented with an additional internal degree of
freedom: the vector parameter describing this internal inhomogenity [1].

[ - ]
B ST ¢
s )
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o ]
a) b) c)

Fig.1 a) undeformed graphene lattice, b) deformed representative cell as function of intermolecular distances
and angles, ¢) deformed representative cell as function of strain tensor and internal vector parameter

The internal energy of the representative cell U?, depending on bond lengths and interbond angles, resulting
from the applied atomistic multibody potential is equated to the strain energy of the equivalent hyperelastic

continuum U°® depending on the Green strain tensor €° and the internal vector parameter & .
(1) Ua(rur21r3’®121®13'®23)zue(86:g)

For a given strain state, the internal degree of freedom is determined by minimizing the cell strain energy,
which leads to a nonlinear implicit equation system which is solved numerically
oU®(°,8)

(2) p

=0—>&=§(e°)
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Restricting further analysis to small strains (while maintaining the large displacements assumption), allows
for proposing the hypoelastic model, in which the rate of change of stress is defined as

3) do=D(¢):de,

where dé is the rate of change of infinitesimal elastic strains and D(e) is the tangent stiffness matrix
calculated as

The dependence of the elasticity tensor (4) on the deformation state is analyzed for two interatomic
multibody potential types: Tersoff-Brenner and modified Morse.

The restriction placed upon the strain size, which obviously limits model applicability range, allows for
proposing the hypoelastic orthotropic or even isotropic model. The elastic moduli can be expressed directly
as functions of strain invariants in the tabular form. Such tables are compiled for both discussed interatomic
potentials. The advantages of such a formulation are: the possibility of implementing this model in any
advanced finite element code without the necessity of developing own numerical procedures describing
material constitutive behavior, and a significant reduction of the computation time, since equation (2) can be
approximated as the polynomial function of infinitesimal strains, and there is no need to solve it
numerically for each consecutive deformation state in every finite element.

3. Results

The proposed hypoelastic model is applied to the FEM analysis of the behaviour of graphene sheets and
CNT of different chiralities under stretching bending and torsion. The results are compared with those
obtained by the atomic-scale finite element method [5] which is based directly on molecular mechanics, can
handle discrete atoms and takes into account the multibody interactions. Calculations were performed by
means of the FEM code Abaqus.

4. Conclusions

The results of numerical tests prove the effectiveness of the proposed model. The explicit tabular dependence
of Young’s modulus and Poisson’s ratio on the strain invariants allows for its straightforward application in
many standard FEM codes, for instance in numerical simulations of nanocomposites or multiscale analysis.
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1. General

Surface wave propagation in solids with semi-infinite extent due to its broad encountering in such field of works
as surface science, seismology, acoustoelectronics, and nondestructive evaluations has been of great interest to
many researchers and engineers. The inadequacy of classical theory of elasticity in capturing all the propagating
waves under certain situations and describing such a phenomenon as dispersion associated to a propagating
wave with wavelength comparable to the intrinsic length of the medium of interest is well-known. A remedy
to such dilemma is to employ such augmented theories as surface theory of elasticity which has been proposed
by [2]. Using this theory, an analytical solution is presented for Love and Rayleigh surface wave propagations
in a semi-infinite medium with face-centered cubic (fcc) single crystal structure. The anisotropic nature of the
fcc half-spaces along its free surface and within its bulk are incorporated in the formulations accurately [1]. To
show the effect of the crystallographic anisotropy and its orientation, two different crystallographic orientations
with respect to the incident wave vector are examined: (a) the free surface of the half-space is (010) plane and
the surface waves propagate in [100] direction as shown in Fig.1, (b) the free surface of the half-space is (110)
plane and the surface waves propagate in [110] direction as shown in Fig.2.

(b) X3

[001]

[100]

[010]

[110]

Figure 2: (a) Love and (b) Rayleigh Surface wave propagation in a half-space with (110) free surface.
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2. Formulation

In the mathematical framework of surface elasticity presented by [2], surface is considered as a two-dimensional
linearly elastic layer, governed by the following equation of motion:

¢)) divsoS® — S.n = p°1i,

where S? is the first Piola-Kirchhoff surface stress tensor, divgg is the divergence with respect to the undeformed
surface, n is the outward unit normal vector to the free surface, S is the continuous extension to the surface of
the stress tensor in the bulk. Moreover, the constitutive relation for the surface is:

) S* = LM+ LC*E* + (Vyu) .M,

where I is the inclusion map from the tangent space of the surface (2D) onto the 3D space, M is the residual
stress tensor, V sou is the surface gradient of the displacement field, and E® = % (Du + DuT) is the surface
strain tensor, and Du = P. (Vu) where P = I” is the perpendicular projection matrix from the 3D space
onto the tangent space of the surface.

3. Numerical results

Contrary to the predictions based on classical theory, surface elasticity theory predicts Love waves can propa-
gate in a homogeneous elastic fcc half-space and is dispersive which is depicted in 3(a) for Al, Cu, and Ni, and
3(b) for Ag, Au, and Pd. It can be seen that Love wave propagation in Ag, Al, Au, Cu, Ni, and Pd half-spaces
associated to either free surface layers, (010) and (110) is normal dispersive.

1
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Figure 3: Variation of the normalized Love wave phase velocity, ¢ with the normalized wave number k, for
several half-spaces made of different fcc single crystals, (a) Al, Cu, and Ni, and (b)Ag, Au, and Pd.

Rayleigh wave propagation in a homogeneous single crystalline fcc half-space is shown to be dispersive and its
propagation in Al half-space with (110) plane as its free surface is anomalous dispersive, whereas in Ag, Au,
Cu, Ni, and Pd half-space is normal dispersive.
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1. General definitions

One of the principles of the theory of computational homogenisation is the so called Hill-Mandel condition,
which ensures energy preservation during scale transition [2]. This criterion, for the commonly known elasticity
problems, is usually written as:

1
(1) AE = Zz'jgz’j — 5 /Q Uijé‘z’jdﬂ = 0,

where 05, €;; are microscopic stress and strain fields, respectively, inside the representative volume element
(RVE) of the volume (2 and ;;, &;; are averages of these quantities given by:

1

(2) Eij = Q/Qaijdﬂ
1

(3) gi]’ = 6 QEide

In this short paper the weakened form of the Hill-Mandel criterion is postulated, i.e.:
1

(4) AFE = Zz’jgij - / Uz’jgide S €,
Q Jo

where the maximum energetic discrepancy e is defined as:

1
€= —

&) 1

k
(Ez'j - Ez'sj)gij'
In the above, the Efj&j and X7 &;; terms stand for upper and lower bounds of the macroscopic strain energy
density, obtained when loading the RVE with linear kinematic and minimal kinematic boundary conditions,
respectively (see eg. [1,3,4]).

2. Derivation of maximum energetic discrepancy

It is well known that the equation (1) is preserved, if the RVE is loaded with the macroscopic strain &;; by
means of linear kinematic, periodic (not considered here) or uniform traction boundary conditions (BCs). Linear
kinematic BCs ensure that the perturbation of displacements vanishes at the RVE boundary and the stiff answer
of the RVE is generated (upper bound). Using these BCs the following set of quantities is obtained as a solution:
5%, afj and ZZ Uniform traction BCs ensure in turn, that the perturbation of tractions is vanishing at boundary
and the soft answer of the RVE is obtained (lower bound). These BCs provide the following solution set: €7,
afj and Efj Let’s assume now, that there exist a smooth, linear transition from one state of the material to the
other and the following intermediate strain field can be defined:

(6) e = (1— a)afj + agj;, a € (0,1)
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The above can be followed by the definitions of intermediate microscopic and macroscopic stresses:

7 oy =1~ a)afj + aoj;

(8) 28 =(1— )5k +aXy

The assumption of smooth transition can be fully justified by the assumption of the continuity of the dis-
placement field and the well behaving material properties (constants for example). Now, let’s consider the
discrepancy between the macroscopic and microscopic strain energy density for this intermediate state:

[e% « 1 (e’

Inserting equations (6)-(8) into (9) the following is derived, after some transformations:
(10) AE® = a(l — a)(ZF — Z5)Ej,

It is immediate to see that the above attains its maximum at o = 0.5 and takes the value given by equation (5).

3. Boundary conditions for weakened Hill-Mandel principle

Note that for kinematic solution it can be written at the boundary: efj = &;j, whereas for the static solution the
following holds: &7; = Eij + €;;- The €7; is the strain perturbation at static loading, which vanishes at boundary
in the integral sense only. The strain perturbation at kinematic loading éfj also exists, but it just vanishes strictly
at boundary. From equation (6) it is then derived, that the intermediate state can be obtained by applying the at
the RVE boundary:

(11 6% =&j + Oééfj.

which stand for the statically perturbed boundary conditions [4]. Note that the static solution &7; have to be
known first, in order to apply these boundary conditions.

4. Conclusions and prospects

The weakened Hill-Mandel condition for homogenisation of disordered media is proposed which allows for
discrepancy in macro- and microscopic energy density. The maximum discrepancy is derived from the assump-
tion that the true answer of the macroscopic material is located in between the kinematic and static solutions
taken from the representative volume element. Such definition opens new possibilities in computational ho-
mogenisation, especially it potentially allows for smaller volumes of the material which can serve as the RVE
(see results reported in [4]).
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1. Introduction

Multiscale analyses and multi-objective optimization of thermo-mechanical properties of composite materials,
particularly in a non-linear regime, still need relevant and computationally efficient models. Micromechanical
mean-field estimates of effective properties of composites can provide a tool for optimal designing, charac-
terization of performance and techniques applied for processing of newly-developed materials. Analytical mi-
cromechanical estimates can be desirable for preliminary selection of an optimal two-phase composites for a
specific future application [4]. This work presents a synthetic approach to estimating the effective properties
of metal-matrix composites (MMC). Selected micromechanical schemes and finite element unit-cells estimates
are analysed and verified. Both, micromechanical and FE estimates of effective elastic-plastic properties of
two-phase composites are compared to each other and validated with respect to experimental data. Such com-
prehensive study of the three types of data for different MMC is hardly to be found in the literature. The
validation with respect to experimental data is crucial for modelling nonlinear behaviour because the estimated
overall properties of composites are strongly affected by the method applied [3].

2. Averaging schemes for a two-phase isotropic composite

Among the available micromechanical mean-field estimates the attention is focused on the Mori-Tanaka (MT),
self-consistent (SC) and generalized self-consistent (GSC) methods. The incremental linearization is applied
at each time step using so-called tangent (L") or secant (L*) stiffness moduli for the matrix representing an
elasto-plastic medium

(D c=L"¢, o=L%¢.

It is assumed that the ceramic phase is linearly elastic and the metal matrix is elasto-plastic. The metal matrix
is described by the standard Huber-von Mises yield function with an associated flow rule. Both phases are
assumed to be isotropic. The resultant tangent elasto-plastic stiffness tensor of the metal matrix is anisotropic
and can be isotropized in order to take the form [1]

) Li0™ = 3KnI" 4 26y, (217,

where the bulk modulus K, is constant and the current shear modulus G%, (£5) evolves with an accumulated
plastic strain sgq. It has been assumed that ceramic inclusions have spherical shape.

3. Unit cell models

Finite element analysis is restricted to the simplified one-particle cells: spherical (FE-S) and cylindrical (FE-
C), Fig. 1. The composite is subjected to the axially symmetric loading. The FE analyses have been performed
in the AceFEM environment [2]. The problems have been calculated as two dimensional axi-symmetric ones
using four node standard finite elements available in the program.
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Figure 1: Spherical (FE-S) and cylindrical (FE-C) unit cells.

4. Results

All analytical mean-field averaging schemes have been implemented using a simple and universal algorithm of
the incremental iterative procedure. Tension and compression tests have been modelled using those analytical
schemes and the two FE unit cell models. The analysis of results has revealed that the generalized self-consistent
(GSC) and Mori-Tanaka (MT) estimates provide very good agreement with FE results in the whole range of
volume content of ceramic phase, Fig. 2. The mean-field estimates are computationally more efficient than FE
analyses of the unit cells so that they can be applied when quick and robust assessment of overall composite
properties in the non-linear elastic-plastic regime is needed.
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Figure 2: Comparison of stress-strain response in compression for AA6061-10%SiC composites obtained ex-
perimentally and with use of SC, GSC and MT averaging schemes using tangent (a) or secant (b) linearization,
as well as the FE results of two unit cells, FE-S (a) and FE-C (b).
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Ductile failure is the main mechanism that limits the formability of thin metal sheets during forming
processes. In the current contribution, ductile failure is assumed to be solely induced by the occurrence of
localized necking within the sheet metal. Hence, other failure scenarios such as damage evolution are
excluded in this study. It is well known from a number of previously reported works that the onset of
localized necking in thin sheets is strongly dependent on the microstructure-related parameters, such as
initial and induced textures, grain morphology and crystallographic structure. To accurately understand and
analyze this dependency, several micromechanical constitutive frameworks have been coupled in the
literature with various localized necking criteria ([1]). The aim of the current investigation is to contribute to
this effort by developing a powerful and efficient numerical tool to predict the onset of localized necking in
polycrystalline aggregates, which are assumed to be representative of thin metal sheets. In this tool, the
periodic homogenization multiscale scheme is used to accurately derive the mechanical behavior of
polycrystalline aggregates from that of their microscopic constituents (the single crystals). Compared to
other multiscale schemes, such as the Taylor model or the self-consistent approach, the periodic
homogenization technique allows us to acurately consider some important aspects in the modeling of the
polycristalline behavior (realistic description of the morphology of the grains, boundary conditions, grain
boundaries...). The constitutive framework at the single crystal scale follows a finite strain formulation of
rate-independent crystal plasticity. At this scale, the Schmid law is used to model the plastic flow and the
hardening is defined by a non-linear power law relating the evolution of the critical shear stresses to the slip
rates of the crystallographic slip systems. From a numerical point of view, the periodic homogenization
problem is solved by using the finite element method. In the present study, we have used ABAQUS/Implicit
finite element code, where the polycrystalline aggregate is discretized by 3D finite elements. Each grain is
assigned to one finite element. The periodic boundary conditions as well as the macroscopic loading are
applied on the polycrystalline aggregate by using the Homtools developed by Lejeunes and Bourgeois ([2]).
As the developed model is used to study the ductility limit of thin sheets, the macroscopic plane stress
condition (in the thickness direction of the sheet) is legitimately adopted ([3]). The single crystal constitutive
equations are integrated by using a powerful and robust numerical implicit scheme belonging to the family of
ultimate algorithms ([4]). This numerical scheme is implemented via a user material subroutine (UMAT) into
Abagus. To predict the incipience of localized necking in polycrystalline aggregates, the developed periodic
homogenization scheme is coupled with the bifurcation approach ([5]). With this approach, the localization
phenomenon is viewed as a consequence of instability in the constitutive description of uniform
deformation. In other words, the occurrence of strain localization is a result of jump in the macroscopic
velocity gradient of the deformed solid. It is noteworthy that, besides its sound theoretical foundations, the
bifurcation approach does not need the calibration of any additional parameter, such as the geometric
imperfection factor required when the M—K analysis is used ([6]). The use of the Schmid law at the single
crystal scale allows predicting localized necking at realistic strain levels. To apply the bifurcation approach
for the prediction of strain localization, the macroscopic tangent modulus should be determined. In the
current work, this tangent modulus is derived by a condensation of the global stiffness matrix ([7]). This
global stiffness matrix is determined by coupling a 3D user element (UEL), used to compute the element
stiffness matrices, with a Python Script developed to assembly these matrices. We have also developed a set
of Python Scripts to condense the global stiffness matrix and then to obtain the macroscopic tangent
modulus. Compared to other numerical techniques, such as the fluctuation technique ([8]) and the
perturbation technique ([9]), the condensation technique seems to be the most appropriate and the most
robust to derive the macroscopic tangent modulus. The performance and accuracy of the proposed
computational methods will be demonstrated for representative numerical problems dealing with polycrystals
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with microstructures of FCC single crystals. The evolution of the macroscopic tangent modulus during the
loading will be particularly analyzed and commented. A sensitivity study will be conducted in order to
investigate the effect of some microstructure parameters (initial crystallogrpahic texture, initial morphology
of the grains...) on the prediction of localized necking. In order to investigate the effect of the multiscale
scheme on the predictions of strain localization, the results obtained with the current model will be compared
with the results obtained with other multiscale schemes (the Taylor model and the self-consistent approach).
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1. Introduction

One can distinguish a number of possible mechanisms and sources of dissipation at different length- and time
scales, which can contribute to what manifests itself as the macroscopic frictional response. As such, rough
contacts in sliding usually exhibit complex behavior, and their satisfactory description is still viewed as one
of the frontiers of modeling in tribology [1]. In this work, we follow the multiscale approach to modeling,
which provides us with methods allowing to gain deeper understanding of the analyzed contact systems and to
effectively model friction.

We focus on a specific class of contact systems in which one or both bodies are soft and thus may undergo
large deformations. These can be, for instance, rubber-like materials like elastomeric seals or biological tissues
like the skin. For such systems, the viscoelastic dissipation induced by the moving contact roughness and the
accompanying non-homogeneous fluctuation of contact forces is usually viewed as a dominant effect that is
responsible for differences in frictional characteristics between the micro- and the macro scale [2, 3]. However,
it turns out that one can also observe non-trivial frictional effects at the macro scale even if only purely elastic
contacts and the simple Amonton-Coulomb friction model are considered at the micro scale [4—6]. The latter
(purely-elastic) case is more deeply analyzed and discussed in this work.
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Figure 1: Two microscopically-rough contact systems: (a) randomly rough periodic surfaces, (b) 2D
anatomically-based FE model of the skin to be in sliding contact with a rigid indenter.

74



Session: Micromechanics, interfaces and multiscale modelling Abstract P242

2. Frictional response of microscopically rough soft elastic contacts

Two families of contact systems have been analyzed. The first family (further referred to as Case 1) is based
on randomly generated rough periodic surfaces [4], see Figure 1a, and is characterized by relatively low asper-
ities’ heights and slopes’ angles. The second family (Case 2) uses the geometry and material properties which
correspond to a real anatomy of skin section. It features a complicated surface topography at the microscopic
scale and a layered structure [5, 6], see Figure 1b. In Case 2, a simplified counter-surface has been considered,
represented by isolated rigid cylinders (not shown in Figure 1b).

In both cases, FEM-based contact homogenization procedures have been used (different for each case) to an-
alyze the frictional response. As expected, it was shown that the macroscopic friction coefficient can be in
general different from the microscopic one. But it was also observed that it can substantially depend on the
normal contact pressure. A further study of how the friction-pressure relationship depends on various problem
parameters has been performed in both analyzed cases. In Case 1, for the Poisson’s ratio ¥ < 0, a counter-
intuitive effect has been observed, in which the macroscopic friction coefficient drops below the microscopic
one, see Figure 2a. In Case 2, the global-to-local friction coefficient ratio is higher than in the Case 1, and it
possibly depends on asperities’ radii on the counter-surface, see Figure 2b.
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Figure 2: Friction-pressure relationship in macro scale: (a) in Case 1, [4], for different values of the Poisson’s
ratio v and for the micro-scale friction coefficient y; = 0.2, (b) in Case 2, [6], for different cylindrical indenter
radii R and different micro-scale friction coefficients ;.
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Abstract

Several constitutive models for cyclic plasticity have been proposed over the last 40 years. Despite
the progress made by most modern approaches, some difficulties still persist, specially regarding a
precise descriptions of progressive mean stress relaxation and ratcheting. The present contribution
proposes a non standard kinematic hardening model to handle complex loading conditions in low
cycle fatigue. The model starts from a non-saturating power law for kinematic hardening in which
a relative backstress term is introduced. Such formulation allows a good description of partial mean
stress relaxation phenomena under complex loading conditions, at least in proportional cases, with
the advantage of need few material parameters. An implicit numerical integration scheme is sug-
gested and implemented to ensure robustness of calculations. The validation is realized considering
experimental data available in literature for INCONEL-718DA alloy used in turbine high pressure
discs.

1. introduction

The response of continuum damage and other approaches to predict fatigue life are directly dependent on
a good description of plasticity phenomena. Nowadays, great efforts have been made to better describe
the mean stress relaxation and ratcheting under cyclic multiaxial loadings in inelastic regimes. The mean
stress effect in high cycle fatigue (HCF), well known and often satisfactorily represented in uniaxial stress
cases by Goodman and Soderberg linear rules, becomes quiet complex in multiaxial solicitations, [8].
Criterion as Sines and Crossland cannot describe the full triaxiality range nor properly handle non-
proportional loadings. In case of low cycle fatigue (LCF), even in uniaxial cases, standard models for
kinematic hardening like [1] or based in variations of it, [3], predict a complete mean stress relaxation
over few cycles. In [7] a model based in the kinematic hardening governed by a non-saturating law
introduced by [2]. Such approach considers a calibration of the material parameter that governs the spring
back term accordingly with the loading conditions. It provided some good results in uniaxial traction-
compression tests predicting the mean stress relaxation progressively, but its extension to complex cases
as variable strain ratio or multiaxial still a open question. Thus, the aim of this work is to propose a
kinematic hardening formulation capable to better describe stress-strain amplitude in presence of mean
stress. An implicit numerical integration scheme is suggested and some preliminary results are present to
evaluate the methodology response. The study validation will consider the experimental campaign of [7]
for INCONEL 718DA alloy.

2. Kinematic hardening and mean stressrelaxation in plasticity

Kinematic hardening represents the phenomenon known as Bauschinger effect, i.e., the yield surface
translation as a rigid body in stress space. A number of constitutive models has been proposed to describe
ic behaviour under cyclic loading conditions [6], [1] [3], [4] [5], [2]. Considering the recent advances in
the elastoplasticiy characterization, the more modern kinematic hardening laws take the general form:

. 2 .
(1) X = 208"~ B(X p.o)Pi(X,0,&")
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where C' is a matrial parameter and the product SBP represents the springback term. Generally,
the function P has a proportional and linear dependency in relation to plastic strain rate such as
Pr(X,0,a¢) = aPp(X,0,¢) Ya >= 0. In order to achieve the concave shape of the stress strain
curve, the tensorial function 8 is commonly assumed heaving the same sign of Xand ||| increasing
with ||o||.

2.1. Alternative formulation for kinematic hardening

One considers the original Desmorat’s formulation for kinematic hardening, [2], represented by:
. 2 .
Q) X = Z0& -TX) X <Xeq>

where C' is the modulus of kinematic hardening, I” is a material parameter of the springback term , M
is an exponent to control the curvature of stress strain curve and X, is the von Mises norm of the back
stress tensor X.

To prevent the fast mean stress relaxation, the general idea is to define the instant when load reversals
in plasticity, make BP(X,) = 0 on it, and maintain the general behaviour of a power law (||B]| 1
with [| X[| 1) at the subsequent instants. That will ensure AX (yncharge) = AX(charge) for any loading,
symmetrical or unsymmetrical, although the concavity due to spring back term holds at both situations.

Thus, it is proposed to change the initial condition in equation (2) at the instant ¢ = ¢* when X : X < 0
from X (t*) = X to X, (t*) = X — X, where X™ is the backstress tensor at infinitesimal of time
before X* = X (t* —0). Such modification implies that P (+*) = 0, instant when X takes the opposite
direction of X, and will ensure its growing in norm if X holds the same direction (increases or decreases
monotonically). Let us introduce the term X,, = X — X * and call it relative backstress, then substitute
it into equation (2):

. 2 . _ -
3) X = §Cgp - F(XT)M 2 <(X7“)eq> X,

eq
After that, is necessary to stablish a precise (mathematical) definition of the reversion meaning in plastic

strain rate and some important quantities to extend such ideas to multiaxial cases. More detailed infor-
mations about the model will be present at final version of the article.
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1. Introduction

Due to the ability of converting energy from one form (among mechanical, electric, and magnetic energies)
to the other, piezoelectric and magneto-electro-elastic (MEE) materials are widely used as sensors and
actuators in intelligent advanced structure design. Owing to the designable characteristics of composite
laminates, a smart system constructed by composites with piezoelectric/MEE sensors and actuators is a
common practical engineering design. If we treat sensors/actuators as inclusions, fracture analysis of such
smart system can be studied via interaction between inclusions and cracks. With the nature of anisotropy,
composite materials are usually modeled as anisotropic elastic solids. Thus, the simultaneous existence of
anisotropic elastic, piezoelectric and MEE materials in the problems of inclusions and cracks is unavoidable.

In the literature, most of the inclusion problems were considered for a specific material type such as isotropic,
anisotropic, piezoelectric, or MEE materials. Due to the difference of their mechanical behaviors, several
different mathematical models and solution methods have been proposed. Thus, it is difficult to combine
them together to deal with the possible situation that different types of materials appear simultaneously in the
same structure. Among all the different methods, the Stroh formalism for two-dimensional anisotropic
elasticity has been proved to preserve the same mathematical expressions for anisotropic, piezoelectric and
MEE materials. By using Stroh formalism, some analytical solutions related to the inclusions, holes, or
cracks in the piezoelectric or MEE materials have been shown to have the same mathematical matrix forms
as their corresponding problems with anisotropic elastic materials [1].

If more than one inclusion is considered, the possibility of simultaneous existence of anisotropic,
piezoelectric and MEE materials is raised. Although there are many studies on the problems with multiple
inclusions, most of them still focus on a specific kind of materials. Similar situation occurs for the studies of
interaction between inclusion and dislocation/crack/hole. With the special feature of preserving the same
solution form by Stroh formalism, in this paper we develop an adaptable adjustment technique and apply it to
the dislocation superimposed method (DSM) [2] and the boundary-based finite element method (BFEM) [3]
to deal with fracture analysis of composites in which the piezoelectric and MEE inclusions may exist
simultaneously. The proposed technique intends to adjust the matrix dimension of Stroh formalism to include
the piezoelectric and/or magnetic effects from the ordinary elasticity matrices according to the real situation
of the inclusion problem. To show the correctness of the proposed method, several examples are
implemented by using the extended DSM or BFEM, and compared with the solutions calculated by the
commercial finite element software ANSYS. Since ANSYS does not provide the function for the general
MEE materials, for the purpose of comparison with ANSY'S only special cases of MEE such as piezoelectric
or piezomagnetic are calculated. The general cases of MEE are verified by the comparison between DSM
and BFEM provided in this paper, or through its mechanical behavior.

2. Numerical examples

In order to study the interaction between an elliptical inclusion and a crack, we consider a fiber-reinforced
composite with an elliptical MEE inclusion and an inclined crack subjected to a uniform tension

o,, =1MPaat infinity (Figure 1) . The properties of composites are
E, =181GPa, E, =10.3GPa, G, =7.17GPa, v,, =0.28,

where the symbols E, G and v denote, respectively, Young’s modulus, shear modulus and Poisson’s ratio,
and the subscripts 1 and 2 denote, respectively, the fiber direction and the direction transverse to the fiber.
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The MEE inclusion is made by mixing the fiber-reinforced composite with piezoelectric BaTiO; and
piezomagnetic CoFe,0,, whose properties are
C,, =C,, =166GPa, C,, =C,, =78GPa, C,, =77GPa,

C,, =161GPa, C,, =C,, =43GPa, C,, =44.5GPa,

e, =&,, =—4.4C/m’, e, =18.6C/m*, e, =e,, =11.6C/m?

oy = 0, =11.2x10°CIV, @, =12.6x10°C/V,

Oy, = O, =580.3N/Am, @, = 699.7N/Am, Gy = G, = 550N/Am,
m,, =M., =5x10"*Ns/VC, m,, =3x10™"*Ns/VC,

&, =&, =5x10°Ns?/C?, &, =10°Ns*/C?,

in which C., e. @y, Gy, M and &; are, respectively, the elastic constants, piezoelectric stress constants,

|j! ij? ija
dielectric permittivity constants, piezomagnetic constant, magneto-electric constant and permeability

constant. Table 1 shows the normalized stress intensity factors, K,/o,<zl and K, /o,/zl where

o, = 0,,, Of the crack tip A (Figure 1) with various d and ¢, . From Table 1 we see that the results obtained

by DSM and BFEM are quite close to each other. When the distance between inclusion and crack is larger,
the values of stress intensity factors go to the ones for a crack in a homogeneous material, which are

K, =c,co8’ a7l and K, =o,sine, cosa,zl . Moreover, the stress intensity factors decrease when

the crack is closer to the inclusion (see for example the variation of K, with d when ¢, =0%). It is now not

easy to judge the consistency with the conclusion made for isotropic materials [4] — the presence of
harder/softer inclusions will reduce/enhance the stress intensity of the crack. Thus, further examples and
studies are necessary for smart composites.

%=, K,/ o7 K, /ol
b S SR U O O (. Inclusion | g/a | @.(°) ) Nal)

% DSM  BFEM | DSM BFEM

e 0 0.9985  0.9974 0 0
- 6 45 | 0.4969 0.4970 | 0.5014 0.5003
o i: 60 | 0.2463 0.2469 | 0.4341 0.4331
' 0 0.9962  0.9950 0 0
1 MEE 4 45 | 0.4933 0.4933 | 05025 0.5012
s 1 60 | 0.2425 0.2430 | 0.4348 0.4336
e B R B B 0 0.9814  0.9797 0 0
A 2 45 | 0.4801 0.4766 | 05011 0.5017
Pt D[TBt bt 60 | 0.2322 0.2313 | 04332 0.4310
Figure 1. An infinite plate with an elliptical Tablel. Stress intensity factor of crack tip A

inclusion and a crack under uniform load
at infinity. (=2 m, b=1m, | =1 m)
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1. Introduction

The non-destructive techniques have the great advantage to evaluate the material properties in-situ, in particular
the small punch test shows to be very attractive and promising as it relies on a small, but representative material
volume of the component in-service and it has been successfully applied in other research fields. Therefore,
the aim of this study is a numerical investigation of the effects of geometrical parameters of a predefined
notch on fracture characteristics of small punch testing specimens. Taking the experimental research of notched
specimens published by Turba et.al, finite element based study of small punch fracture specimens made of P91
steel, have been modeled in ABAQUS. Then, using this model as a departure point, geometrical parameters
of the predefined notch (such as notch radius, placement, depth) have been varied and the effects of such
geometrical changes on fracture response of the specimen is investigated numerically.

2. Theoretical Background

Theoretical framework is based on the thermo-mechanical finite strain coupled plasticity and continuum dam-
age mechanics models. Cleavage failure in metallic materials is modled with the deterministic model by
Ritchie-Knott-Rice [3], relies on a critical stress over the critical distance principle whereas whereas the duc-
tile fracture is characterized by using the Gurson porous plasticity to model dilatational yielding and ductile
rupture.( [5], [2], and [1]. This model devises a hydrostatic stress dependent yield potential derived using ho-
mogenization over void-rigid plastic matrix and limit analysis

or = %
Oy

geq = \/ % [devgzdevg}

where f is the void volume fraction that evolves with plastic strains, oy is the current yield stress of material

2—i—2q1f*cosh (;]oztr [5}) — [1 + [qlf*]z} =0.

y

ey

and G is the so-called effective stress [4]. Note that the proposed coupling with continuum damage mechanics
formalism introduces dev |G | as the deviatoric part of the effective stress tensor at rotationally neutralized con-

figuration in the yield potential ¢#, onto which both void-growth and micro-crack driven damage mechanisms
are reflected in order to account for softening effects of ductile and brittle failure phenomena.

3. Numerical Analysis of Small Punch Test

Small Punch Testing is a recently developed mechanical testing method that allows the mechanical, fracture and
creep characterization of tiny specimens. Axisymmetric finite elements with reduced integration and enhanced
hourglassing controls (CAX4R) has been used. Small punch experiment has been modelled for 22° and —196C.
The set of material parameters used to predict P91 behavior have been listed in the following table.
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Table 1: Gurson-Tvergaard-Needleman model parameters for P91.

v SN en q1 q2 g =1/fu fo ky,
0.005 0.1 0.03 1.5 1.0 2.25 0.0055 3.0

3.1. Effects of specimen geometry on fracture response of SPT

The geometrical parameters of the small punch experiment such as puncher radius and notch depth (Figure-
??) have been varied and the effects of such geometrical changes on fracture response of the specimen is
investigated numerically. The effects of the puncher radius on the fracture response of SPT, is investigated
using various the puncher radius of the loading with the values of 2.25mm, 2.5mm and 2.75mm, respectively.
The results of analyses are presented in Figure 1. As one can notice that reducing the puncher radius a too small

Figure 1: (a) Numerical prediction of effects of the puncher radius with 2.25mm, 2.5mm and 2.275mm on the
notched specimen

value, more stress concentration occurs near by the underneath of the puncher region and also failure of the
specimen is dominated by shear due to punching effect. Depth of the crack is one of the most important fracture
parameter that causes the damage and fracture in the materials. Therefore, to investigate the effect of crack
depth on the fracture response of the small punch test, three different crack depths, with length of of 0.44mm,
0.49mm, and 0.54mm, are used in numerical simulation. As the crack depth increases along the direction of the
thickness of the specimen material becomes weaker and is much likely prone to damage and fracture. At the
lower temperature —196°C for all crack lengths the material behaves completely brittle.

4. Conclusions

In the enclosed work, a coupled continuum damage mechanics and porous plasticity model on local scale has
been presented. Constitutive modelling and small punch experiments have been performed for P91 steel. It has
been found out that the proposed model precisely and conveniently predicts crack patterns within a relatively
wide temperature range from 22°C to —196°C.
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1. Motivation

This paper describes the material and damage behaviour of new materials. In the recent years the new
materials become more and more interesting in the field of construction materials. One of the main task in this
field is the characterisation of these materials due to influence of manufacturing processes. In this sector, rapid
prototyping is becoming increasingly important. Products can be produced faster and more cost-effectively
using 3D printing. However, the innovative production methods also pose challenges. The new materials must
withstand complex loadings, as metals have done so far. In this research project, material and damage
behaviour of 3D printed polymers are investigate and compared to metals. For the description of the material
behaviour, the viscoplastic model of Chaboche was used, which is already adapted for metals under
thermomechanical loading. The Gurson model that is commonly used for cast-iron and steel, was selected to
consider the damage behaviour of 3D printed polymers.

2. Material Model

The investigations carried out for 3D printed Polyamid12 (PA12). Specimens were produces by selective
laser sintering and manufactured in accordance to DIN EN ISO 527-2 [1]. The material behaviour was
characterized according to Haupt [2] with complex experiments. Viscoplastic material behaviour was
identified. In this respect, the Chaboche model [3] selected for numerical simulation.
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This model contains parameters that are determined by different experiments (Eg. 1 and 2). Started with static
tensile and relaxation test, followed by dynamic cyclic load tests. After determination of material behaviour
and parameters, a microscopic analysis was carried out. Based on the detection of voids caused by the
production process of 3D printing, a damage model was investigated.
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3. Damage Model

A well-known ductile damage continuum model is the Gurson Tvergaard Needleman (GTN) model [4], [5]
which is based on the concept of void nucleation, growth, and coalescence as being the mechanism responsible
for damage and failure in ductile metals. Physically motivated by void induced failure process, the GTN model
has been widely used to predict load deformation and fracture resistance behaviour of a range of ductile
metallic materials such as steel, cast iron, copper, and aluminium. Numerical implementation of the GTN
model to polymers is limited primarily because the void nucleation, growth, and coalescence process is not
present in most polymers in the same way it is in metals. However, the GTN model (Eqg. 3) is a continuum
softening and failure model, so an appropriate selection of parameters could make the model applicable to
failure of polymers like PA12.

(3)

00 \? i} 30, 2
Q= (—) +2¢,f" cosh (q2 —) —(1+q3f™)=0
0o 20

Although generally good agreements have been reported between numerical and experimental results in the
above-mentioned studies of polymers, there is no specific framework on how GTN [6] model parameters can
be consistently determined from experiments on polymeric materials, or how a link between experiment and
numerical analysis.

The papers presents the application of the GTN model for sheer test for polymeric materials. The study of
the polymer material was compared to the results obtained from the study of basic materials such as aluminium.
The material parameters for the GTN model were also estimated.

4. Conclusion

This research project has successfully addressed two main topics. On the one hand, it has been shown that
the Chaboche model, which has so far been used for metals at high temperatures, can also be used for 3D
printed polymers at room temperature and under complex loads. On the other hand, the numerical simulation
of the damage behaviour using the GTN model under static loading has shown the same phenomena as in the
experiment and revealed good similarities. In the continuing research, the influence of the damage under
dynamic loads and a coupling of the material and damage model of Chaboche and GTN are investigated.
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1. Experimental determination of thermal residual stress in alumina matrix

In ceramic-metal composites thermal residual stresses (TRS) are inherently present mainly due to different
coefficients of thermal expansion of the phase materials. Such stresses may trigger microcrack nucleation
and growth especially in the ceramic phase. Therefore, determination of TRS is of continuing research
interest both in experimental mechanics and materials modelling.

In this communication we present experimental measurements and numerical simulation of processing-
induced thermal residual stresses (TRS) in aluminium oxide (alumina) matrix reinforced with chromium
particles (60vol.%Al,05/40vol.%Cr). This ceramic-metal composite was manufactured by powder
metallurgy route comprising powder mixing in a planetary ball mill and consolidation by hot pressing (HP).
Two different chromium powders (mean particle size of 5 um and 45 pm) were used. The alumina particle
mean size (1 um) was kept constant in all experiments.

The average residual stresses in alumina matrix have been determined applying two optical methods:
photoluminescence piezo-spectroscopy (PLPS) and Raman spectroscopy (RS). For comparison the TRS are
also measured using two diffraction methods: neutron diffraction (ND) and X-ray diffraction (XRD) [1] and
the results are shown in Fig. 1. These four experimental techniques reveal a size effect of chromium particles
on the magnitude and sign of the average residual stress in the alumina matrix. When the fine chromium
powder (5 um) is used the average residual stress in the ceramic phase is tensile, whereas for the coarser
chromium powder (45 pm) it becomes compressive (Fig.1).

400 -

w
o
o

N
o
o

o
o

®Cr(5pum)

HCr(45
PLPS RS XRD ND s um)

o

Measured TRS in alumina [MPa]
=)
o

)
=]
)

-300 -

Fig. 1. Experimental measurements of average residual stress in the alumina matrix of
60vol.%Al,03/40vol.%Cr composite as obtained by photoluminescence piezo-spectroscopy (PLPS), Raman
spectroscopy (RS), neutron diffraction (ND) and X-ray diffraction (XRD).

2. Discussion of experimental results and modelling approach

The unexpected effect of the sign change of average TRS in the alumina matrix (Fig. 1) has been consistently
detected by the four experimental methods and cannot, thus, be deemed as an artefact of any specific
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measuring technique. Also, by a series of additional PLPS tests and by the neutron diffraction measurements
we have ruled out a possibility that the TRS sign change is a surface effect. A plausible explanation of the
influence of the size of metal particulates on the TRS in the alumina matrix has been sought using models
based on the Eshelby solution of an inhomogeneous inclusion with eigenstrain embedded in an elastic matrix
(e.g. [2]). These models allow for determination of the average stresses in ceramic matrix and metal
particulates depending on the volume fraction of inclusions, the misfit strains stemming from CTE’s
difference, and elastic constants of matrix and inclusions. However, using the Taya et al. [2] solutions the
average TRS in alumina is compressive, which contradicts our experimental data for 5 um chromium
powder. Apparently, such micromechanical models do not account for the fluctuating stresses caused by
complex microstructure that could be a source of the TRS behaviour as shown in Fig. 1.

A more realistic approach seem to be offered by numerical models based on real material microstructures
obtained from micro-CT [3], [4]. In such models the inclusions are not approximated by ellipsoids like in the
Eshelby solution but micro-CT images of a composite microstructure reflecting the size and mutual position
of metal reinforcing particulates are transformed into a finite element mesh using a dedicated software (cf.
Fig. 2a). The TRS are then computed by the FEM solving the heat transfer problem of cooling from the high
sintering temperature to room temperature (cf. Fig. 2b). This numerical model of TRS in alumina is now in
progress. The results will be presented and compared with the experimental measurements.

s

a) b)

Fig. 2. Micro-CT based FEM model for TRS in alumina-chromium composite: (a) FE mesh obtained from
micro-CT images, (b) TRS distribution in ceramic matrix and metal reinforcement computed with Abaqus. .
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1. Introduction

Damage and wear of machine components is a significant problem in many industries. Various technologies
for producing surface layer in order to improve the surface properties are developed [1-4]. There is a growing
demand for technology that improve the performance of machine and equipment parts to lower
manufacturing costs. The attributes of chromized layers produced by powder methods are enhanced through
the selection of optimal mixture components, carbon concentrations in steel and process parameters. The
advantage of this process is the ability uphill diffusion of carbon, that activity is lowered in the presence of
chromium atoms and carbon was migrated from the steel core to the diffusion layer. Modification of surface
layers formation with the help of laser techniques has been dealt with in many scientific centers. The use of
laser for surface heat treatment can be also applied on various metal alloys (mainly iron alloys), even with
diffusion layers [5-8].

This paper is devoted to the evaluation of microstructure of C45 steel surface layer after diffusion
chromizing and laser heat treatment. The influence of laser parameters on the microstructure of the modified
layer were analyzed.

2. Investigated materials and methods

Samples of C45 steel were chromized by the powder-pack method and were placed in the powder mix in
special boxes made of X6CrNiTil8-10 steel. To prevent sample oxidation, the boxes were covered with lids
and sealed with vitreous enamel. The applied powder mixture to produce the chromized layer contained:
Cr,0; with an addition of Al, ALLO; and an activator NH4Cl. The process was carried out in a Labotherm
LH15/14 furnace at 1050°C for 8 hours. Chromizing process was followed by laser heat treatment in two
variants of laser beam parameters. Dual diode TRUDISK 1000 laser device has been used. Laser beam
power density variant no 1: 678 E [W/mm®] , variant no 2: 185 E [W/mm®]. The structure of the analyzed
layer was evaluated by an optical and scanning microscopes. The phase composition of a chromized layer
and laser heat treatment was evaluated using a Panalytical Empyrean equipment with the CuKa radiation.
The chemical composition of the diffusion layer and remelted zones was assessed by optical emission
spectrometry. Vickers hardness tests were preformed on transverse microsections. The depth, width, hardness
of remelted zone from the solid state case modified by laser heating were carried.

3. Results and discussion

Chromized layer on samples of C45 steel were clearly separated from the ferrite-perlite steel substrate with
an estimated thickness of 30 um. After laser heat treatment of the diffusion layer remelted zone was
appeared. Chromized diffusion layer following after laser heat treatment on samples of C45 steel were
characterized by higher surface roughness than chromized steel. The surface of C45 steel samples following
diffusion chromizing viewed under the SEM is shown in Figure 1 and following diffusion chromizing after
laser heat treatment is shown in Figure 2.
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Fig.1. An example of the surface of C45 steel Fig.2. An example ot the surtace ot C45 steel
following diffusion chromizing, SEM following diffusion chromizing and laser heat
treatment, variant no 1, SEM

Microscopy observation revealed that, the microstructure of laser remelted zone was fine and homogenous in
both treatment variants. Although, the size of the laser modified zone depended on laser beam parameters. It
was also observed that chromium contracted in the layer after diffusing chromizing was dissolved in whole
remelted zone as a result of laser heat treatment. Achieved zones were characterized by higher hardness than
the core material of C45 steel. It is worthy emphasizing, that the presence of the hardened zone form the
solid state under the remelted zone should additionally strengthen the whole surface layer. X-ray diffraction
of chromized layer revealed the presence of: (Cr, Fe)»Cs, Fe,AlCr and Cry(N,C) but chromized and laser
heat treated layer: (Cr, Fe)y;Cs, Cr,0s, Fe;O4 in case of the first variant LHT and (Cr, Fe)»3Cs , (Cr, Fe),Cs
Fep 9420, Fe,C, Cr,Os in the second one. It could be the result of different conditions of microstructure
creation resulted of different laser beam parameters in case of those two variants. It seems, that lower value
of laser beam power density allowed to create additional type carbide (Cr, Fe);C;.

4. Conclusions

The investigation have been carried out to analyze in details the diffusion chromizing process and laser heat
treatment of C45 steel. Performed research showed, that it is possible to change the microstructure
effectively of diffusion layer using the laser heating. The considered problem modification of microstructure
after diffusion chromizing and laser heat treatment can be applied to gain some specific microstructure with
grain refinement. The density of the laser beam exerts a significant influence on the structure of the
chromium layer after laser heat treatment. The structure of the chromized layer after laser thermal treatment
depended on the parameters laser beam power density applied.The presented research on modification of a
chromized layer of medium carbon steel by laser heat treatment could find practical applications.
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1. Introduction

The field of applications of composite laminates in contemporary engineering could be broadened of the
coupled layups. In the papers by York, ex. [1], thorough analysis of possible couplings was presented. The
author of the current article continues his attempts to apply directly the standardized strain energy release
rate (SERR) determination procedures (ASTM D5528, ISO 15024, ISO 15114, ASTM D7905) by
introducing additional parameters for the data reduction schemes [2-4]. For this purpose the finite element
(FE) simulations were led on the multidirectional continuous fiber reinforced polymer (CFRP) beam models
to obtain the distributions of the SERR along the front of delamination. The FE simulations preceded the
experiments led by the author’s team [5] in order to plan the tests properly. The virtual crack closure
technique (VCCT) was used in the simulations performed with the Abaqus code. For the sake of generality,
the Reeder Law has been chosen as the fracture criterion [6]:

g n
Gy +G G G, +G
G +G, +Gy 26, + (Guc - GIC) > > + (Glllc - Guc) I 1L 11 )
G, +Gy + Gy Gy + Gy )\ G +Gy +Gy

2. Results and discussion

The material data used in the simulations were taken from the literature [7] for the SEAL’s Texipreg
HS160RM carbon-epoxy prepreg laminate — see Table 1.

Young moduli | [GPa] | Shear moduli | [GPa] | Poisson coeff. | [-] | Fracture const. | [N/mm]
E; 109.0 G 4.3 Via 0.34 Gie 0.4
E, 8.8 Gz 4.3 Vis 0.34 G 0.8
E; 8.8 Gy 3.2 V3 0.38 Ge 0.8

Table 1: Material data used in the FE simulations.

In Fig. 1 an excerpt from the FE simulation results is presented. The SERR distributions for the double
cantilever beam (DCB) test configuration exhibiting non-symmetries induced by the bending-twisting (BT)
coupling at different fiber orientation angles 6 in the 18-ply BT sequence:
[6/0/6/6/0/-6/0/-6/-6/-0/-0/0/-0/6/0/0/6/60]. The plots are either contracted or deviated — depending on the
value of @; these effects can be described well by additional measures of the SERR distribution defined in
one of the previous papers [2].
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Figure 1: Skewness of the SERR plots induced by coupling.
5. Summary

The paper indicates possible difficulties in direct application of the standardized SERR determination
methods. The presented results of the FEM simulations of delamination processes in laminated beams are a
part of the study aimed at proper planning of the experiments on multidirectional layups. Additional
parameters describing the distribution of SERR along delamination front were proposed in the previous stage
of the study [2] in order to modify the data reduction schemes. The numerical outcomes are now being
verified in laboratory tests with specimens of different couplings/delamination interfaces [5]. Further efforts
to adjust the standards to the multidirectional laminates are being made [4].
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Abstract

A model has been proposed to describe the nucleation and growth of creep cavities in crystalline material in
service. In this work, the Becker-Doéring (BD) nucleation model is applied for nucleation of cavities, while for
the growth of pores, a vacancy flux model towards nucleated or existing pores is utilized. The model can
describe nucleation and growth rates of pores in the matrix, at grain boundaries and at particles/inclusions.
Nucleation and growth of pores in the creep process is determined to be a function of uniaxial or multiaxial
external stress, internal stress due to the residual stresses, working temperature, local microstructure
(nucleation and growth of particles), nucleation sites, interfacial energy of grain boundaries, phase boundary
energies, diffusion rates in different paths and pore geometry, which are all considered in the present approach.

Systematic interrupted creep tests are performed under 66 MPa uniaxial creep loading at 650°C to track the
pore evolution after 0, 2000, 4000, 5200 and 8000 hours for 9Cr-1Mo martensitic (ASME Gr.91) steels. The
model results are then compared to experimental findings in terms of mean pore size and volume fraction. The
comparison shows good agreement between experimental and simulation results [1].

Introduction
Nucleation sites of cavities

In this research, different nucleation sites of cavities in the bulk and at grain boundaries are considered and
shown in Fig. 1. Fig. 1(a) shows less probable nucleation of a cavity in the bulk while Fig. 1(b) depicts vacancy
condensation in a plane transverse to the external stress between two grains. Nucleation in this plane is more
probable compared to the other ones displayed in Fig. 1 (c) and (d), because of larger nucleation sites [2]. Fig.
1(c) shows nucleation of a cavity at a triple line of boundaries (a line surrounded by three grains, which is
called 3-grains) and Fig. 1(d) shows nucleation of a cavity at a point located in the intersection of four grains,
which is called 4-grains. Other nucleation sites of cavities on precipitate’s sidewall are also discussed.

el o| |

Boundaries Surface of
grain 2

G.B. G.B
Sliding Sliding
- Cavity
Cavity Surface of Surface of
Cavity grain 3 grain 4
Diffusion pathy’
9 l e Jv ¢ J Surface of Grain 1
(@) (b) (©) (d)

Fig. 1. Different nucleus sites of cavities during creep, (a) in the bulk (b) in a plane between two grains (c) in
a line enclosed by three grains (3-grains) and (d) in a point surrounded by four grains (4-grains).

Experimental results

Fig. 2 demonstrates SEM result of creep cavities after 8000 hours at 650°C under 66 MPa tensile stress, which
are mostly formed on the pre-austenitic grain boundaries.
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Fig. 2. Microstructure of the steel P91 after 8000 hours at 650°C under 66 MPa tensile stress.

Simulation results

In this work, the well-known model of Becker-Déring [3] is utilised for nucleation of cavities, and the proposed
model of Svoboda et al. [4] is applied for the evaluation of cavity growth. Fig. 3 shows simulation results of
number density and diameter of the formed pore in the matrix. As it is shown in this figure, the number density
of cavities on grain boundaries is higher than 3- or 4- grains and they reach a mean diameter of 0.1 um after
10,000 h creep.
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Fig. 3. Simulated results of (a) number density and (b) size of the formed pore in different regions of the
crept material such as bulk, grain, 3-grain, 4-grain, M23Cs and Laves phase after 10,000 hours creep at 650°C
and under 66 MPa tension.
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1. Introduction

Nowadays it is well-known that the surface phenomena arestlnesponsible for the mechanical and physical
properties of micro- and nanostructured materials. InqQadr, they are responsible for the size-effect observed
at the nano-scale. Among the theories of continuum whictdesnribe such surface-related behavior it is worth
to mention the Gurtin-Murdoch surface elasticity model bl the first and second strain gradient elasticity
presented by Toupin [11], Mindlin [7,8], see also [9, 10]dakifantis [1, 2]. The characterization of the surface
elasticity within the strain-gradient elasticity was jperhed in [4,6] considering anti-plane surface waves. Here
we compare the both models considering stress concemtiattbe vicinity of the linear defect such as a screw
dislocation. We analyze here a deformation of a hollow ¢icaylinder with a screw dislocation considering
the both theories of strain-gradient elasticity and ofatefelasticity.

2. Strain-gradient elasticity

In what follows we consider infinitesimal deformations ofeastic solid which are described by the displace-
ment fieldu = u(x), wherex is the position vector. Strain energy dendityis given by [7]

1 1 ... 1
(1) W=Wi+Ws, Wi=ce:C:e, Wy=_VelAiVe, e=: (Vu+ (Vu)'),
whereC = Cj;i; ® i; ® i, ® i; and Einstein’s summation convention is us&d= A;jximni; ® i; ® iy ®

iy ® i, ® i, are the fourth- and six-order tensors of elastic modulpeesvely,ix, £ = 1, 2, 3, are vectors of
Cartesian orthonormal basis. For an isotropic strain gradiolid the elastic moduli tensors are given by [3]

(2) Cijkl = N0ijokt + 1 (6051 + 631051)
Aijktmn = 01 (050k10mn + 0ij0kmOin + 0ij0knOim + 0in0;k01m) + a2 (8i50kn0im) ,
3 + a3 (0i10510mn + 9ik0jmOin + 0i6jk0mn + 0im0;k0im) + a4 (8:10jmOkn + dimdj10kn) »

+ a5 (0i10jn0km + 0im0jn0ki + 0in0;10km + 0indjmoki) »

whered;; is the Kronecker symbob, y, a1, az, a3, as, andas are elastic moduli.

The equilibrium equation takes now the form

4) V(e =V -1)=0,

where the tensors and T are defined byy = C : e, T = A:Ve, which are the second-order stress
tensor and third-order hyperstress tensor, respecti&kébntis’ strain-gradient model [1,2] utilizes more sinepl
constitutive equation with one additional length-scaleap#eter/ such thatr = ¢(>Veo. Eq. (4) should be
complemented by proper boundary conditions which we onri¢.he
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3. Surface élasticity

For an isotropic material the Gurtin-Murdoch model resuitshe classic constitutive equation in the bulk
W = Wj and an additional constitutive relation for the surfacaistenergyWV; [5]
1 2 1 T
Wszuse:e+§)\8(tre) , €= §(P-(Vsu)+(vsu) ‘P), P=I-n®n
where A, and s, are the surface Lamé moduti; is the trace operatoR/; is the surface nabla operatd?, is
the surface unit second-order tensois the unit vector of outer normal. For a free surface thecsketundary
condition takes the following form

OWs
Oe

n-o=V,-s, s= = us€ + A\sP(tre).

Heres is the surface stress tensor.

4 . Screw dislocation

In order to compare the both theories we consider the holimular cylinder of radius: with a screw disloca-
tion. It is known that the strain-gradient elasticity andface stresses affect the singularity near defects. Using
the semi-inverse approach the deformation of a cylindem wiscrew dislocation is given as a mapping [12]

) r=r(R), ¢=0, :=--6+2
27

wherer, ¢, z and R, ®, Z are the polar coordinates in the actual and reference pkasmrespectively,

and b is the magnitude of the Burgers vector. For small deformatimapping (5) gives an example of an

antisymmetric deformations such as in [4]. We discuss thdisas behaviour for, — 0. We demonstrate that

the both theories give similar qualitative results for tigpthcement amplitudes. Nevertheless, there are some

quantitative differences which will be discussed during. MECH2018 in all details.
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1. Introduction

Electroactive polymers (EAPs) are considered a promising emerging class of smart materials, which have re-
ceived an extensive consideration among researchers. EAPs are an active class of materials with the ability to
undergo large deformations when they are subjected to external electric stimuli. Therefore, various applica-
tions have been proposed in the literature including artificial muscles, medical devices and soft biomemetic
applications ([2],[1]).

A typical actuator consists of a thin film of dielectric elastomer, which on its major surfaces, two flexible elec-
trodes are smeared, and an electric potential difference between the electrodes is applied. Despite the high-level
of actuation performances enabled by EAPs, their extensive use is conditioned by a high driving electric fields.
Thus, the applied electric field may cause an electric breakdown. As the electric breakdown in solid dielectrics
takes place, tubular conductive channels evolve, and they do not recover when the voltage is discharged.

In this work, a computational model, which is able to predict possible electric breakdown while accounting for
the electromechanical coupling is presented. Moreover, a finite element formulation with various nodal degrees
of freedom is introduced.

2. Governing equations

In this paper, we consider a body, which occupies a By at reference configuration. The body is subjected
to mechanical body forces, mechanical surface tractions on the boundary 886[‘ , and electric charges on the
boundary OB, as shown in Fig. 1.

oBY

a8t

Figure 1: Sketch of the deforming body.

Let X denotes the location of a material point in the reference configuration, x denotes the location of the
same material point in the present configuration, and F = 0x/0X denotes the deformation gradient, which
maps the reference configuration to present configuration with the constraint J = det(F) > 0. Also, let
{E, D} be the reference electric field vector and reference electric displacement vector, respectively. In the
case of electrostatics and in the absence of free currents and free electric charges, Maxwell’s balance equations
become,

(1) Div(D) =0, Curl(E)=0
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Next, the equilibrium equations, which are derived from the linear momentum balance in the local form for
nonlinear electroelasticity are written in reference configuration such as

) Div (FS) +f = 0,

with S being the total second Piola-Kirchhoff stress tensor consists of all contributions. f is the reference
mechanical body forces (force by unit reference volume). In order to derive the constitutive laws, a strain
energy function (per unit volume), is assumed. Specifically, the strain energy function reads

1
3) W(C, E, Ai,..,A,s) = pot (C, E, Ay,.... Ay, s) — 5Jeoc—l; (E®E).

where {A1, ..., A,,} are the strain like internal variables, C is the right Cauchy-Green deformation tensor, n
represents the number of the viscus Maxwell branches, pg is reference density, and ¢ is free energy function.
As well, s(X,t) is a phase scalar, which varies from s = 0 indicating the totally damaged state to s = 1
indicating the virgin state.

3. Finite element

For providing a numerical tool, a finite element formulation has been developed. The nodal degrees of freedom
are the displacements in the three dimensional space, the electric potential, and the phase field scalar, as shown
in Fig. 2.

Shape functions:
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The fields interpolations:
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Figure 2: Sketch of an element in the isoparametric space.
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1. Abstract

Heterogeneous geomaterials as well as composite industrial materials are widely studied because of their ap-
plications to engineering problems or use in industrial processes. In these materials, the interface plays a very
important role in the mechanical behavior. It ensures the transmission of forces between the matrix and the
inclusion during a solicitation. In fact, one of common failure modes in the composites is the rupture at the
interface. Interfacial resistance largely influences the final properties of the composite like stiffness, strength
and the fracture behavior. For these reasons, the study of the failure mechanism at the interface of composite
materials relating to a imperfect inclusion-matrix interface (i.e a partial debonding at the interface) is essential.

This research focuses mainly on the plane problem of a circular disc shape inclusion in an infinite linear elastic
matrix with two cracks which can be asymetrical on its boundary created by a far-field stress (see figure 1).
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Figure 1: Two asymmetrical cracks at the inclusion-matrix interface under uniform stress at infinity

Among various mathematical methods to solve this problem, we find that the complex potential function
method [2] is the more appropriate to take into account the presence of cracks. In this method, stresses and
displacements are expressed in terms of analytic functions of complex variables. Significant contributions to
this problem have been already reported in the literature. Some authors ( [3], [7], [5] and [4]) used this method
to study the problem of cracks lying along the interface of a circular inclusion embedded in an infinite solid.
However these works have been either limited to a single crack arc or two symmetrical crack arcs. In fact, the
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problem of interaction between two asymmetrical cracks at the inclusion-matrix interface is a general solution
extending two special cases already studied in literature: A single crack (where one crack has null length) and
a two symmetrical cracks (where two cracks have the same length).

The paper starts with the formulation and solution of the problem of two asymmetrical interface arc cracks
around a circular elastic inclusion embedded in an infinite matrix subjected to a uniform far load, that is pre-
sented in section 2. In section 3, the expression of the complex stress intensity factors (SIFs) at a crack tip along
an inclusion-matrix interface is presented. To verify the solution, in section 4, the analytical SIFs for various
crack angles in the case of uniaxial tension in plane strain conditions were compared to solution obtained by
the Displacement Extrapolation method [1, 6]. The calculation of the total energy release rate (ERR) for the
interface crack is carried out in section 5. The conclusions are finally presented in section 6.
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1. Introduction

In material instability problems, spatial non-locality plays an important role in nonlinear bifurcation (post-
bifurcation) investigations. By using dynamical systems, stability analysis of thermo-mechanical continua can
easily be studied, even when fractional derivatives are used. Such case may be obtained, when non-locality is
described by a generalized, fractional strain. In constitutive formulation, two types of constitutive equations are
used, thermodynamical constitutive equations should also be added to the classical (mechanical) constitutive
equations. In such a way, a closed system of equations is obtained to determine the motion of the thermo-
mechanical continuum.

2. Fractional thermo-mechanics

First, the basic equations for a solid body with thermal stresses should be formed. In addition to the basic
equations of continuum mechanics, heat propagation should also be taken into account by using Vernotte-
Cattaneo equation instead of Fourier law. The set of basic equations consists of the kinematic equation

o*v
1 E = —
(1) €= Hra
the equation of motion

100
2 ) — ———
(2 0 P

and the constitutive equation, which in rate form reads
3) & = B(¢ — 00) + xh.

In equations (1), (2), and (3) the notations are: strain (for uniaxial small deformations) e, velocity v, space
coordinate x, mass density p, temperature . Overdot denotes derivative with respect to time ¢, B is the tangent
stiffness, while  is a material constant. In (1) a generalized strain is used, where 0 < a < 1 denotes the order
of the fractional derivative. Such generalization of strain is generally used in fractional continuum mechanics.

Symbol % refers to all kinds of symmetric fractional derivatives. For example, it may denote symmetric
Caputo’s derivative from Atanackovic [1], where left and right Caputo derivatives are defined:

“Pt) =g ()

Then a generalized strain is defined by the symmetric fractional derivative of the displacement field

and

€= % (CDg‘+u(x) - CD%_u(:U)) :
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Several types of definitions are used for such derivatives [3], [4]. All of them use a fractional integral operator,
which adds non-local effects to the formulation. A detailed overview of symmetric fractional derivatives applied
in non-local mechanics can be found in [2].

In the following, symmetric fractional derivative will not be specified, a generalized formula is used instead.
Instead of Fourier law, heat conduction is given by the Vernotte-Cattaneo equation

4) rh+w90+hza
ox

where the relaxation time of heat flux is denoted by 7, the heat flux by A, and heat conductivity by a. The reason
of such selection is that Fourier heat conduction equation results infinite wave speeds, which is a non-generic
dynamic behavior. For the constitutive variables €, o, 1, and h, two types of constitutive equations are given.
The one in form (3) could be referred as mechanical constitutive equation, while the other

(5) 16 4 O9é + O3h =9

may be called the thermodynamic constitutive equation [9], with material constants @1, Oy, O3 . From (4)

6) ho 20,y N

T 0% T

By substituting (1) and (6) into the mechanical and thermodynamic constitutive equations (3) and (5), we have

. 0% a 0 h
(7) 0 = Cl@ + 2 ;87];19—’_62; s
: 0%v a 0 h

Now equations (2), (6), (7), and (8) for variables v, 0,9, and h can be used to describe the motion of the
thermodynamic continuum.

3. Stability and bifurcaton investigation

By using the system of equations presented in the previous part, a dynamical system can be defined and the
requirements of generic static and dynamic bifurcations can be studied similarly to [S]. Unfortunately, in the
general case, the evaluation of such conditions is a difficult problem and simplifications are necessary. When the
investigation is restricted to homogeneous periodic perturbations, general necessary conditions are formulated
for both static and dynamic bifurcations. For the conventional setting (small deformations, linearized constitu-
tive equations, Vernotte-Cattaneo equation), no generic static bifurcations are found. For dynamic bifurcation,
there are possibilities to have generic behavior. A general formula is derived for such case. Moreover, hav-
ing done a few simplifying restrictions, conditions are presented for the material constants of the constitutive
equations to ensure generic dynamic bifurcation.
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1. Introduction

Simulations of equal channel angular pressing (ECAP) process using the crystal plasticity finite element method
(CPFEM) are described in this paper. The ECAP process is a well known severe plastic deformation (SPD)
process, in which the material deforms by shearing. To obtain considerable grain refinement, multiple passes
through an angular channel need to be conducted. One approach that enables the understanding of mechanisms
leading to texture evolution and grain refinement is to use CPFEM simulations. Modelling multiple passes
using the finite element method formulated in the Lagrangian approach is however challenging due to strong
element distortions. The possible solution is the application of remeshing and solution mapping. However,
solution mapping of micro-mechanical variables that is consistent with the macroscopic response is not a trivial
task. The crystallographic orientations and tensorial variables cannot be interpolated directly, because it would
lead to spurious rotations. Instead, one can pass the orientations and tensorial variables from point to another
point or one can make use of spherical linear interpolation algorithm (SLERP) [?] to deal with interpolating
the variables. While the first approach will necessarily lead to less accurate results, in the second one there are
additional difficulties. One arises from the fact that the SLERP algorithm deals only with interpolating between
two points, and in general 3D case interpolation between four points is needed. The other question is how to
properly interpolate points close to sharp orientation changes.

2. Modelling framework

In the CPFEM implementation used, the total Lagrangian setting together with the Euler backward integration
scheme has been applied. The deformation gradient is multiplicatively decomposed into elastic and plastic
parts. The plastic velocity gradient is the sum of shears on slip systems. Simulations reported in this paper have
been conducted using the rate-independent formulation with a single yield surface [?, ?]. The yield surface F'
is defined as follows [?, ?]:

r\ 20 1/(2n)
(1) F—(Z(Tr) ) -1,

r

where 7" is the resolved shear stress and 7 is its critical value. Shear rates 4" depend on the stress state by the
associated flow rule, namely

. . OF 1\
2 P = S Wy
) /\8Me — )‘Tg <Tg) ,

where ) is the plastic multiplier obtained from the Karush-Kuhn-Tucker conditions and M, is the Mandel stress
tensor obtained from hyper-elastic law from the anisotropic St. Venant-Kirchhoff hyperelastic law, cf. [?].

For a typical rate-independent formulation there is a problem of unique selection of active slip systems. Using
a single yield surface (1) enables to avoid this problem, therefore the standard procedures of finite strain elasto-
plasticity in the fully Lagrangian displacement-based formulation can be implemented [?]. Implementation of
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the element code including crystal plasticity has been done with the use of a code generator AceGen, which
joins the symbolic algebra capabilities of Wolfram Mathematica software with automatic differentiation and
advanced optimization of expressions [?]. The finite element simulation itself has been performed using the
AceFEM package. The proposed scheme for remeshing and solution mapping shares some key concepts with
solution mapping applied for simulation of the accumulated roll bonding process [?].

3. Results

The simulations of two passes of the ECAP process have been carried out. The simulated textures were com-
pared with available experimental data [?]. Satisfactory agreement has been obtained.
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a) b) c)

Figure 1: Simulated {111} pole figures of copper subjected to ECAP process. a) After one pass, b) after one
pass and remeshing, c¢) after two passes. JTEX software [?] was used to draw the pole figures.
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1. Introduction

Generally, the papers on dynamic loading of composites more focus on the layered composites, for example
[1]. High attention is paid to blast load. However, in our opinion, the process of impact a gap for analysis of
WC/Co composite during impact conditions. During impact of WC/Co composite objects and the other
composites with metallic binder heat of plastic work is generated. If the process is fast enough the problem
can be treated as adiabatic. However, more common situation is slower process when the heat is generated in
metallic interfaces and the neighbouring grains are heated due to conduction. The process should be rather
considered as coupled [2]. We developed our model of WC/Co composite towards impact load, [3].

2. Problem statement

The thermal problem is described by the discretized finite element equation, as follows:

1) KT +C&=F

where K is the conductivity matrix, C is the heat capacity matrix, T is the nodal temperatures vector and F
the thermal sources and fluxes vector. The contribution to the vector F due to plastic dissipation is given by
the formula:

(2) f=y0:e"

where f is the rate of heat generation (heat flux), & is the Cauchy stress tensor, e” is the rate of plastic
deformation tensor and y is the Taylor-Quinney coefficient that indicates fraction of plastic work converted
into heat, [3].

There are two kinds of two-phase CM materials, Figure 1. In the given example below, we investigate the
case in Figure 1 (a), i.e., the CM material with continuous interfaces.

(b)

Figure 1: Different types of two-phase CM internal structures having a small content of the second phase (up
to 10%): a) with a small thickness and continuous interfaces, b) without continuous interfaces

3. Outline of numerical results
The physical model and the discretized system of thin binders is given in Figure 2 (a) and (b), respectively.

We show the deformed shape of the composite plate in Figure 2 (c). The composite hits the rigid wall with
velocity 100 m/s. The shape is presented at time instant 3.5 ns of the process.
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Figure 2: Physical model and boundary conditions (a) discretized system of interfaces (b) deformed structure
(m) scaled 10 times at time instant 3.5 ns.

The effects of the impact are shown in Figure 3. We compare the adiabatic solution with the coupled thermo-
mechanical solution. Obviously, temperature distribution for the adiabatic solution is exactly the same as
plastic strains distribution, Figures 3 (a) and (b). In the case of the thermo-mechanical solution we note that
even for the short duration of the process temperature varies in the neighbouring grains. Moreover, maximum
increase of temperature in the adiabatic process is 200.73 deg, Figure 3 (b), while during the coupled
solution the maximum increase of temperature is 65.93 deg, Figure 3 (c).
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(a) (b)
Figure 3: Time instant 3.5 ns; equivalent plastic strain field (a) adiabatic solution - temperature field (b)
transient solution — temperature field (c).

4. Conclusions

We note that the calculated maximum temperatures during short duration of impact are significantly lower
when the process is considered as coupled than while the process assumed to be adiabatic. The neighbouring
grains are affected by the temperature increase immediately. During the analysis the effect of heat conduction
should not be neglected.
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1. Introduction

Processes in the metal forming industry involve large plastic deformations accompanied by ductile damage. In
order to better predict the properties of the finished product as well as the behaviour during the process, more
accurate simulations are necessary. Damage models require a regularisation to obtain mesh independent results.
In the following a specific gradient-enhancement strategy is discussed.

2. Nonlocal damage model

An elegant way to include gradients into a model was suggested in [1,4]. In this context, the free Helmholtz
energy is split into a local and nonlocal contribution

¥ =P F, d,IP) + V*\(F,d,$,Vx¢) with ¥l = %duvmlﬁ + % [ —d]*,

where the quantity ¢, an additional field variable in the context of the finite element method, represents nonlocal
damage and is linked in penalty type fashion to the local damage variable d. Since the gradient of the local
damage Vxd is not required, many already established local damage models can be incorporated into this
framework. Successful implementations can be found in, e.g. [2, 3, 5].

The material model uses a multiplicative split of the deformation gradient F' = F'° - F'® and logarithmic strains

€® for the elastic free Helmholtz energy
loc (e K vol e\12 iso e. _e
W (e,d, ) = — fU(d) [tr ()] + pu f(d) €% € + 07 ()
The volumetric and isochoric contributions are each multiplied with damage functions f*(d) defined as

fod) = (RS —10.1}  with f*(d) = exp(—7a d).

such that the local damage d is positive but otherwise unbounded.

In this multisurface formulation the driving forces ¢, m and § have to lie in the elastic domain, which is
bounded by a von Mises yield criterion including nonlinear isotropic hardening as well as a damage criterion
with a variable damage threshold, i.e.

@P(mt757d) = || dev(mef)H - \/g [03 - hanp] and ¢d(Q7 d) = (eff — Qmax [1 - fq(d)]nd .

In both criterions effective driving forces are used to intensify the coupling — the spatial Mandel stresses m
are divided by the damage function f™ and in an analogous way the damage driving force ¢ is divided by an
exponential function dependent on the hardening variable c.

Using standard thermodynamics and the postulate of maximum dissipation yields evolution equations which
are transformed into an algorithmic update with an exponential scheme for the integration of F'P and backward
Euler integration for d. The resulting double set of Karush-Kuhn-Tucker conditions are solved using an active
set scheme.
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3. Parameter identification

The underlying experiment for the parameter identification (PI) is a tension test of a specimen cut from DP800
sheets, see Figure 2. The experiment was recorded by a suitable camera such that the inhomogeneous displace-
ment field could be obtained from DIC software. The experimental displacement field components u;’zp at every
point in time ¢, every point ¢ and every dimension j considered together with the corresponding displacements
from the simulation ui’;;n enter the objective function
"lnp Ndim 42
F=Y%% [Au;’;}’ - Aug;ﬂ

t i=1 j=1

The objective function only consists of the squared error of relative displacements — the difference in dis-
placement compared to neighbouring points — since the force measured in the experiment is directly applied
as Neumann boundary condition in the finite element simulation. Relative displacements are chosen over the
actual displacements to remove the influence of rigid body motions. After identifying the elastic parameters for
DP800, a PI to determine the plastic parameters was carried out. The load displacement diagram shows a good
agreement between experiment and simulation, see Figure 1. An additional simulation including unloading
confirms the evolution of plastic strains. In future work the damage parameters shall be identified. The gradient
parameter cq will receive special focus in order to check its independence from geometry and specimen size.

5000 F
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Figure 1: Load displacement diagram of the tension test includ- Figure 2: Image of the specimen geometry.
ing unloading underlying the PI. Experiment (blue), PI result The specimens from 1.5 mm DP800 sheets
(red) and simulation including the unloading (green). are 50 mm long.
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Roofing are an important constituent of each building structure. Due to their meaningful function the materials
which are used to construct this element should meet very rigorous requirements, especially to manage extreme
weather conditions like moisture penetration, high temperatures gradients, rainfalls, snowfalls or UV radiation.
Therefore, the time in which this materials meet their requirements are relatively short in comparison to the
life cycle of the whole building. This results in the need to make repairs and renovations which usually are
expensive, hence even small elongation of the life time of these materials will cause significant savings.

To make the life time predictions of roofing materials possible the computer-aided engineering tools are needed.
Hence, in this article the modelling of roof membranes in the framework of the hyperelastic fractional damage
material model with memory presented by W. Sumelka and G.Z. Voyiadjis in [5] is applied. Furthermore, the
extension of this model to include healing effects will be discussed [6]. In the model, the original idea of ex-
tension of the classical scalar hyperelastic damage model (energy equivalence formulation) utilizing fractional
calculus [1,3,4] was postulated. The evolution of damage variable ¢ has obtained the fractional form

1 /I
1 C, . D%%¢=—d( 2 _
( ) t—I t(b To <T¢ >7

where the bracket ( . ) defines the ramp function and the © D is the left-sided Caputo derivative

(n)
2) CaDatf(t) = 1 )/t( f() dr for t > a,

I'n — « t — r)e-ntl

where ¢ denotes time variable, « is an order of derivative (order of fractional velocity), T' stand for the char-
acteristic time, ® is the overstress function, I is the stress intensity invariant, 74 is the threshold stress for
damage evolution, I is the Euler gamma and n = [a] + 1 function.

The investigations are divided into three parts. First one aimed to reconstruct the results presented in [5] uti-
lizing software for symbolic mathematical calculations Wolfram Mathematica. Next, the implementation of
the concept of hyperelastic fractional damage material model with memory in AceFem software is considered.
The choice of AceFem software was dictated by its structure (the system combines symbolic and numeric ap-
proaches) and because its environment is designed to solve multi-physics and multi-field problems. Finally, the
last step covers the preparation of a simple 3D model with "memory". Simulations, include a cubic geometry
induced for basic deformation modes [2].
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The yielding behavior of porous metallic materials has been fairly well studied. However, the data on post-
yield flow behavior is rather scarce. In the current study, porous copper samples with a wide range of
porosity (2% - 25%) are prepared by suitably changing the process parameters of Spark Plasma Sintering
(SPS) process. Uniaxial compression tests are performed on the porous samples with different initial
porosities to experimentally determine the evolution of porosity and flow stress and thereby understand the
post-yield hardening behavior. A simple analytical model is developed for evolution of porosity and flow
stress during uniaxial compression based on the Gurson model. A unique linear relationship was observed for
normalized porosity (porosity / initial porosity) with strain and normalized flow stress (flow stress / flow
stress of matrix) with porosity as shown in Fig. 1. The model predictions are in good agreement with the
experimental results and Finite Element Analysis (FEA) results over a wide range of porosity and strain.
Furthermore, a new model for strain hardening rate (&) is developed which explains the significant strain
hardening observed in the uniaxial compression tests as shown below.

0 =06y (1_qlﬂ + om qlfoa

where, 6y is strain hardening rate of the matrix, oy is the flow stress of the matrix, f is porosity, fyis initial
porosity, g; and a are constants.

The observed strain hardening rate of the porous samples depends not only on the strain hardening rate of the
matrix material but also on the extent of pore closure during compression. While the relative contribution of
the strain hardening rate of the matrix largely dominates the observed response, the contribution due to pore
closure is significant for samples with high initial porosity, especially at higher values of strain.

The Gurson model parameters for the current material system and porosity range will also be presented along
with a discussion on the applicability of the Gurson model for the current range of porosity.
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Fig. 1: (a) Comparison of experimental, FEA and theoretical results for normalized porosity (f/f,) during
compression (b) Variation in normalized flow stress (o, /o\m) With porosity, comparison between experimental
data, FEA predictions and theoretical analysis
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1. Introduction

Branched cracks in materials exist as a result of technological processes, corrosion, loading conditions, etc.
Fast running cracks subjected to high loadings can split into several branches. The stresses at crack tips
of branched cracks are characterized by stress intensity factors (SIF). The values of static or dynamic SIF
for a general geometry of the body and loading conditions are obtained by numerical methods.

Daux et al. [1] presented the extended finite element method (X-FEM) to analysis of cracks with multiple
branches and cracks emanating from holes. A standard displacement approximation was enriched
by incorporating additional discontinuous functions. The method allows the modelling of discontinuities
independently of the mesh. Raffie et al. [2] investigated bifurcation and trifurcation of fast running cracks
under various biaxial loading conditions. Arbitrary curvilinear crack propagations were analyzed by the time-
domain BEM. Branching of cracks was controlled by the opening mode SIF and velocity and direction
of crack growth by the maximum circumferencial stress at the crack tip. Numerical solutions were compared
with experimental results. Fedelinski [3] applied the boundary element method to analysis of statically
and dynamically loaded plates with branched and intersecting cracks. The dynamic problem was solved
by using the Laplace transform method and the solution in the time domain was computed by the Durbin
numerical inversion method. Numerical examples of a branched crack in a rectangular plate and a star-
shaped crack in a square plate were presented. The influences of angles between branches of the crack
and dimensions of the plate for the star-shaped crack on dynamic SIF were analyzed.

In the present work the boundary element method is applied to analysis of static and dynamic stress intensity
factors of branched cracks in infinite plates. The infinite plates are analyzed to study interaction between
the cracks and to avoid interaction with external boundaries of plates. The crack problem is solved
by the dual BEM which was developed for dynamic loading by Fedelinski et al. [4]. An overview of different
BEM approaches in dynamic fracture mechanics was presented by Fedelinski [5]. The present paper is
an extension of the previous work [3] published by the author. In this work influence of distance between
branched cracks, their orientation and direction of loading on static and dynamic SIF are analyzed.

2. Numerical example — two branched cracks in an infinite plate

Two branched cracks in an infinite plate are subjected to tensile loading, as shown in Fig. 1. The dimension
of the crack branches is a=1 cm and the distance between crack centres is 2| and 1/a=2. The angle between
crack branches is 2a=2/3n. The material is isotropic and linear-elastic and the Young modulus is E=200 GPa,
the Poisson ratio v=0.3, mass density p=8000 kg/m® and the material is in plane strain conditions.
The velocity of the longitudinal wave is ¢;=5801 m/s and the velocity of the shear wave is ¢,=3101 m/s.
The tensile loading p with the Heaviside time-dependence is applied in the direction perpendicular to the line
connecting crack centres. In order to model the infinite plate and avoid influence of reflection of waves from
boundaries the rectangular plate of width 2w=30 c¢cm and height 2h=20 cm is considered. The uniformly
distributed tractions are applied along horizontal edges of the plate. The plate with the cracks is divided into
320 boundary elements (200 elements for the external boundary and 10 elements for each crack edge).
The numerical solution is obtained using 50 Laplace parameters and the time step A4/=0.4 ps. The stress
intensity factors are normalized with respect to K, = p\/E , Where 2c¢=3/2a is the width of the branched
crack in the horizontal direction. The results for the static and dynamic loading are compared
with the solution for the single crack in the centre of the plate. The normalized static SIF for double
and single cracks are given in Table 1. The time dependence of dynamic SIF is presented in Fig. 2.

The static SIF for the interacting cracks are several percent larger than SIF for single cracks. The dynamic
SIF are 0 up to about 16 us when the longitudinal wave propagates from the loaded boundary to the crack
tips. For the considered distance between cracks the influence of interaction on dynamic SIF is small.
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Fig. 1. Two branched cracks in an infinite plate

Branched cracks | K,(A)/K, | Ki(B)/K, | Ku(B)/K,
double 1.700 0.472 0.915
single 1.659 0.434 0.898

Table 1. Normalized static SIF for double and single branched cracks
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Fig. 2. Normalized dynamic SIF for double and single branched cracks
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The main mechanisms of failure in irradiated materials subjected to elevated temperature is mostly the result
of the initiation, formation of voids, their coalescence and growth. The particle radiation in nuclear reactor
components has crucial effect on the creep damage and final fracture. The flux of energetic particles
significantly enhances particularly the creep process.

In order to investigate the irradiation creep problem the main processes that underlie the response of the
irradiated material to stress are recognized. The processes of the defect formation and initial clustering as
well as the interaction between point defects which are the basis of the creep theory are considered. The
irradiation of metals by high energy particles leads to the interaction of energetic incident particles with
lattice atoms [1]. The energetic particles transfer their kinetic energy to the lattice atoms creating primary
knock on atom (PKA), which, in turn, leads to the displacement of next generation of target atoms, the
process is called collision cascade. Collision cascade usually contains a vacancy-rich core surrounded by a
halo of interstitial atoms. Displacement phase of the collision cascade usually lasts about 10™ seconds, after
about 10™ seconds the cascade is thermalized. The pair of interstitial atom and vacancy in irradiated
crystalline solids is known as the Frenkel defect. These phenomena such as Frenkel pairs formation are
characteristic for irradiated materials and determine the physical effects, and with the application of stress,
the mechanical effects of irradiation. These physical effects include humerous microstructural processes such
as void formation growth, swelling, phase instability and radiation induced segregation [2]. After the end of
the collisional phase of cascade evolution the point defects (vacancies and interstitials) may migrate in
material leading to the formation of various forms of defect clusters: e.g. clusters of voids and helium
bubbles. In this way, the process of damage initiation in the crystal structure is created.

Most of the energy deposited by high-energy particles is dissipated as the local heating of the crystal. Most
of the Frenkel pairs created in collision cascade annihilate during the early phase of its evolution, the
increase of the target temperature leads to additional recombination process of vacancies and interstitials at
later stages. The origins of void swelling of metals are qualitatively understood. The collection of interstitial
atoms as extra planes in the lattice causes the solid to swell. The consequences of radiation on material
components structure include changes in shape and volume, increases in hardness, severe reduction in
ductility and increased embrittlement, and susceptibility induced cracking.

The present work is concerned with the mechanical modeling of irradiation creep damage of metals
applicable to structural analyses of metal components in nuclear reactor (Fig. 1). Multiscale model created to
assess irradiation creep containing strong physical background related to the mechanism of generation of
clusters of voids and helium bubbles in the irradiated solids has been built [3]. The irradiation creep was
described by modifying Kachanov creep damage theory for brittle and Hoff creep damage theory for ductile
materials by incorporating the effect of irradiation.
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Fig. Degradation mechanisms of specific nuclear reactor structures

A bar tensioned with normal force constant in time serves as a model. It is assumed, that material is exposed
in equal intervals of time to equal doses of irradiation. After each time interval, hence after accumulation of
each irradiation burst, the sample is reanalyzed. Diminishing of effective cross-sectional area of the bar
caused by particle flux is assumed relatively at the same level at each consecutive application of irradiation.
However, at each emission of radiation (radiation burst) it acts on the cross section reduced, due to creep
damage. All the irradiated creep process is thus divided into several steps. In a single cycle the material is
subjected to flux of energetic particles (or irradiations pulses), which induce radiation defects in the material
expressed in dpa [4]. Simultaneously, the material is subjected to thermo-mechanical loads at high
temperature, which induce the deformation and cracking of material in creep range. The proposed model
takes into account both; diminishing of the effective cross-sectional area caused by particle flux and
geometrical changes resulting from creep deformation. At each emission of radiation it acts on the cross
section reduced, due to creep damage. Consequently, the thermo-mechanical loads act on the cross section
reduced due to radiation induced damage. In this way bilateral coupling of radiation and creep damage is
performed.

As an application of the proposed equations, creep damage evolution in a metal component subjected to
irradiation load was analyzed. The semi-analytical results and the special topics associated with irradiation
creep modelling are discussed. The utility of the proposed constitutive equation was demonstrated by
analyzing the irradiation creep and irradiation creep damage for different materials parameters. The
experimental result confirm the mathematical analysis that the lifetime of irradiated components is
significantly shorted [5].
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1 Introduction

The fracture of ductile materials is often the result of the nucleation, growth and coalescence of microscopic
voids. In the present talk, we mainly focus on the growth process of voids. In dynamic loading, micro-voids
sustain an extremely rapid expansion which generates strong acceleration of particles in the vicinity of
cavities. These micro-inertia effects are thought to play an important role in the development of dynamic
damage. To account for these large accelerations in the constitutive behavior, a multi-scale approach has been
proposed in [1] and it has been shown that the micro inertia contribution to the macro stress is significant when
dynamic loading is considered. Here we are focusing on the description of the behavior of the porous material
containing cylindrical voids under dynamic conditions.

2 Modelling and Results

To derive the constitutive model, a multiscale approach is adopted where the acceleration contribution is
accounted for. Indeed, under dynamic loading, the static definition for the macrostress (as the volume
average of the local stress) does not exist further. The overall macroscopic stress is the sum of two
contributions: the static term (micro-inertia independent term) and the dynamic term (micro-inertia
dependent term):

)y = Zstat + Zdyn

In this work, we focused on the material response of porous medium with cylindrical voids. As a
consequence, a cylindrical representative volume element for the porous material is considered, similar to the
one proposed by Gurson [2]. The radius of the void is a, the length is L. The outer radius of the RVE is b, see

2
Figure 1. The porosity f'is therefore given by f = (%) . The RVE is subjected to transversely isotropic
loading.
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Fig 1: Representative volume element for a Fig 2: Evolution of the porosity during spherical

porous material containing cylindrical void. loading. Quasi-static v/s dynamic results, the
delay between dynamic and quasi-static
predictions is due to micro-inertia effects.
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The static term is derived from the visco-plastic yield function proposed by Gurson [2]. As a consequence,
the present work is an extension to dynamic loading of the Gurson’s model (cylindrical voids). The dynamic
stress X' 4™ needs to be evaluated analytically. Following the formalism proposed in [1], a trial velocity field
is adopted to reproduce the velocity field which may prevail during the dynamic expansion of the RVE.
Based on the Gurson’s velocity field, it is shown, as for spherical voids, that the dynamic stress is scaled by
the mass density, the size of the voids, the porosity, the strain rate tensor and the time derivative of the strain
rate tensor. An important outcome of the model is the differential lengthscale effect which exists between in
plane and out of plane components of the macrostress. Namely, it is observed that for the in plane stress

d d . . dyn . . .
components leyn and Zzzyn are only related to the radius a« while Zggm is linked to the radius a and the
length of the RVE L:

I = pa?F(f,D,0)5)" = pa®G(f,D,D) A 257" = pa®H(f,D,D) +
pL?J(f,D,D)

where D is the overall strain rate tensor.

In this talk, we will propose predictions of damage evolution when the RVE is subjected to spherical and
axisymmetric plane strain loadings; here ramps at constant stress rate are considered. While for plane strain

loading in quasi static condition, 2’55 is the half sum of the in plane components, in dynamic conditions,
the inertia contribution reveals a difference. An important result of the proposed theory is the length effect of
the RVE, which does not exist in quasi static conditions. A parametric study on the aspect ratio of the RVE
will clarify this length scale effect. Next, the analytical model is validated based on comparisons with finite
element calculations (Abaqus/Explicit) [3].
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1. Introduction

Metastable materials, like stainless steels, are massively used in the construction of scientific instruments,
operating at extremely low temperatures (e.g. superconducting particle accelerators). The components
operating in the proximity of a source of primary or secondary particles are subjected to irradiation that
induces an enhanced level of porosity, accompanied by the presence of inclusions of secondary phase
resulting from the plastic strain induced phase transformation [1]. Therefore, the primary phase (austenitic
matrix) contains two types of microstructural imperfections: the porosity in the form of clusters of micro-
voids, and the inclusions of secondary phase. Both of them strongly affect hardening, in particular due to the
Orowan mechanism of interaction between the dislocations and the lattice defects (voids, cavities,
interstitials, inclusions, etc.). On the other hand, the presence of porosity affects the stiffness of two-phase
continuum, leading to the material softening. Both mechanisms, hardening and softening, are contradictory
and their multiscale description is essential for correct prediction of the behaviour and the lifetime of
components operating at very low temperatures.

2. Irradiation induced porosity and softening

Exposure to irradiation (flux of particles) leads to creation of clusters of defects in the material [2]. The so-
called atomic displacement damage process correlates with the evolution of porosity. Energy brought by the
incident particles is dissipated mainly by the elastic collisions with the lattice atoms. These nuclear
interactions lead to creation of atoms moving inside the lattice, and to the production of defects (interstitials
and vacancies). The vacancies form clusters and grow into the so-called cavities, often filled with helium at
high pressure. It is shown that the actual pressure is function of the overall strain, that leads to the evolution
of size of the clusters according to the Rice-Tracey kinetics. The increase of porosity is expressed by the
following formula:

Mg, =&, 1)
where fpo is the initial porosity, C is function of triaxiality, and Ap denotes accumulated plastic strain. The

pressurized cavities form spaces subjected to internal pressure and characterized by specific value of surface
energy. The cavities form Eshelby type ellipsoidal entities that reduce the tangent stiffness of the matrix. As
the porosity evolves with plastic strain, the resultant tangent stiffness is function of the increase in porosity.

3. Plastic strain induced fcc-bcc phase transformation

Plastic flow in the metastable alloys (e.g. stainless steels) is usually accompanied by dynamic evolution of
the microstructure, resulting from the phase transformation. In the course of plastic strain induced phase
transformation, that occurs in the LSFE materials at extremely low temperatures, the y-austenite (fcc
microstructure) is transformed into o’-martensite (bcc microstructure). The martensite platelets (lenticular
martensite), embedded in the austenitic matrix, affect the surrounding fcc lattice and induce local distortions.
Therefore, the plastic strain induced fcc-bee phase transformation results in significant evolution of the
material properties, and strong nonlinear hardening. The classical sigmoidal curve, representing the volume
fraction of secondary phase, is essentially valid for wide range of temperatures. However, at extremely low
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temperatures the phase transformation rate is less temperature dependent, and a simplified linearized kinetics
can be applied:

&=AT,a)pH((p-p. )&, &)

where & denotes volume fraction of secondary phase, and H is the Heaviside function.

4. RVE based multiscale model of irradiated metastable continuum

Formulation of the constitutive model of elastic-plastic continuum subjected to the plastic strain induced
phase transformation in the presence of radiation induced porosity is based on multiscale approach. In
particular, it takes into account the micromechanical phenomena such as the interactions of dislocations with
the inclusions and the pressurized cavities (micro-level), or the influence of hard inclusions and “soft”
cavities on the resultant tangent stiffness of two-phase continuum (meso-level). The model is defined on the
mesoscopic level by means of the representative volume element (RVE), size of which should be large
enough to contain representation of all microstructural phenomena (lattice defects and inhomogeneity), but
small enough to justify the local approach. The final constitutive model, defined at the macroscopic level,
comprises the model of mixed plastic hardening consisting of the kinematic hardening component,

represented by the position of the centre of yield surface expressed by the second rank tensor L , and the

isotropic hardening component, described by a scalar parameter R. The proportion between them is defined
by the appropriate value of the Bauschinger parameter.

5. Hardening due to the evolution of secondary phase

When crossing a pair of inclusions or pressurized cavities of the average size d, much smaller than the
average distance between them (d<<l), a dislocation driven by the enhanced shear stress leaves around each
inclusion or cavity a closed loop (the Orowan mechanism). This mechanism, described by means of the
micromechanical analysis, leads to substantial increase of hardening parameter. Moreover, the evolution of
material micro-structure induces strain hardening related to the increase of the equivalent tangent stiffness as
a result of evolving proportions between both phases, each characterised by different stiffness. The
corresponding hardening model is based on the Hill concept (1965), supplemented by the Mori-Tanaka
(1973) homogenisation algorithm. As soon as the phase transformation threshold is reached, combination of
both the above described effects results in nonlinear hardening, that is only to some extent compensated by
the softening related to the presence of pressurized cavities [3].

6. Closed form analytical solutions

The above presented new model takes into account two contradictory phenomena in metastable alloys:
softening due to the presence of radiation induced porosity, and hardening due to the phase transformation.
The model contains relatively small number of parameters and is suitable for the temperatures ranging from
absolute zero to the room temperature. New closed form analytical solutions were obtained for the uniaxial
cases, and the results were cross-checked directly with the available experiments.
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1. General

Low-temperature (LT) superconductors consisting of superconducting filaments embedded in the copper
matrix are used in the applications where high current density can generate strong magnetic field. Primary
applications of LT superconductors (e.g. Cu/NbTi, Cu/Nb3Sn) include: magnets for MRI, nuclear magnetic
resonance (NMR), laboratory apparatus, particle accelerators, electric power conditioning, levitating trains
and superconducting magnetic energy storage (SMES). The applied magnetic field, the temperature and the
current density in such devices must be maintained below a critical surface in order to retain
superconductivity. Therefore, any heat dissipation effects, such as energy dissipation during the
discontinuous plastic flow (DPF), are undesired. Such effects may occur independently in the matrix and in
the filaments during the plastic deformation at near OK temperature. DPF is attributed to the mechanism of
local catastrophic failure of lattice barriers (including Lomer—Cottrell locks), under the stress fields related to
the accumulating edge dislocations. Failure of LC locks leads to massive motion of released dislocations,
accompanied by step-wise increase of the strain rate (macroscopic slip), and a drastic drop of stress.
Moreover, the plastic power dissipated in the slip band is partially converted to heat, which results in a
drastic increase of temperature promoted by the thermodynamic instability (nearly adiabatic process). Thus,
DPF is a potential factor leading to the loss of superconductivity in the magnet. Therefore, the experimental
investigations and the constitutive modelling of DPF in the LT superconductors seem to be essential.

2. Tensile test results of LT superconductors at 4.2 K

In order to investigate the behaviour of LT superconductors at cryogenic temperatures, a custom built
experimental set-up was used (Tabin et al., 2017). A cryostat equipped with tested specimen and the relevant
transducers was mounted between traction machine grips. The cryogen (liquid helium, 4.2 K) was fed into
the cryostat by means of a transfer line, until the specimen with the transducers was immersed in the bath.
The level of the cryogen inside the cryostat was indicated by a dedicated thermistor.

OFE-Cu
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Fig. 1 a) The experimental set-up for uniaxial tests at 4.2K; b) the stress-strain curve (red and green) and the
temperature-strain curve (blue) for OFE-Cu; c) the force-elongation curve (red) and the temperature-
elongation curve (blue) for NbTi/Cu composite
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The kinematically controlled tests were carried out. During each test, the elongation of the specimen was
measured by means of the clip-on extensometers, whereas the applied force was measured by means of the
piezoelectric transducer mounted above the specimen. The temperature of the specimen during plastic
deformation was measured by means of the thermistor mounted in the middle of the gauge length. General
scheme of the experimental set-up, as well as uniaxial tensile test results, are presented in Fig. 1.

3. Multiscale constitutive model of DPF

During the uniaxial tensile tests at 4.2K, the plastic flow instability (serrations) is observed independently in
the Cu matrix and in the NbTi filaments (Fig. 1c). The DPF consists in the massive failure of lattice barriers
associated with the increase of the resolved shear stress at the heads of the dislocations pile-ups, until the
stresses reach the level of cohesive strength of the material (Skoczen et al., 2010). The main function that
reflects the number of internal lattice barriers per unit surface is the density B . The rate of production of
dislocation pile-ups at the internal lattice barriers B is strictly related to the rate of the accumulated plastic
strain p . In general, the kinetics of DPF is expressed by:

(1) BZFCC(P,T:Q) pH(p_pLC)
where F ¢ is function of dislocations density p, temperature T , and stress o, whereas p, . represents the

threshold above which the lattice barriers massively develop. H () denotes the Heaviside function. The

criterion of avalanche-like failure of lattice barriers is based on the interaction between B (the density of
lattice barriers) and t, (the average shear stress at the head of dislocation pile-up). A combination of both
parameters triggers the serration (drop of stress) (Skoczen et al., 2008). A numerical model of DPF is

provided for the transversely isotropic composite, consisting of the filaments in the copper matrix (Fig. 2).
— o

Fig. 2 Transversely isotropic composite consisting of filaments embedded in the copper matrix

It is assumed that during the kinematically controlled tensile test, the total strain is the same for the matrix
and the filaments. Thus, the effective stress has following form:

(1) o = f,0,+ B0,
where S, 3, denote the surface fraction of the matrix (OFE-Cu) and the filaments (NbTi), and o,,0,

denote the stress in the matrix and in the filaments, respectively. The above discussed constitutive model is
physically based, and reflects all the important features of the DPF. Moreover, the model allows us to
reproduce the observed serrations, which is crucial for its application in the design of components operating
at extremely low temperatures.
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Abstract

In this work we assess, using finite element calculations performed with ABAQUS/Explicit, the influence of
porosity in the development of necking instabilities in flat metallic samples subjected to dynamic tension.
The mechanical behaviour of the material is described with the Gurson—Tvergaard—Needleman [1-3]
constitutive model pre-implemented in the finite element code. The novelty of our methodology is that we
have included in the gauge of the specimen various non-uniform distributions of initial porosity which, in all
cases, keep constant the average porosity in the whole sample. This has been carried out assigning random
values of initial porosity (within specified bounds) to some nodes and zero to the others. Therefore, the larger
the percentage of nodes with non-zero initial porosity, the smaller their initial value of porosity. The idea is to
replicate the heterogeneous microstructure of (most) metals which have a finite number of voids non-
uniformly distributed in the bulk. The key point of this work is that, following this methodology, we
reproduce the experimentally-observed asymmetric-growth of the pair of necking bands which define the
localization process in flat tensile samples subjected to dynamic loading [4].
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1. Introduction

The micromechanical model of two phase polymer-metal composite is developed in the large strain framework
[3, 4]. The tangent linearization method [3] is used to adopt the Eshelby result for the inclusion in an infinite
matrix undergoing large strains. A long-term goal of research is to extend the sequential averaging scheme [2]
to elastic-(visco)plastic materials and large strain regime. The proposed framework will be validated by com-
putational homogenization employing the finite element method (FEM) [5].

2. Results of FE analyses

In order to validate the performance of micromechanical model ANSYS Mechanical APDL R18.0 software
[1] was used to perform FEM analysis. Following numerical simulations were conducted. A spherical inclu-
sion centrally placed in a cubic unit cell was considered, see Fig. 1. The inclusion was varying in radius R
corresponding to the volume fractions c: 0.42%, 3.35%, 11.31%, 17.96%, 22.09%, 26.81%. Additionally, each
problem (in terms of a volume fraction) was calculated in two configurations: 1st when the matrix is made
from steel and the inclusion from polymer, 2nd — exactly reverse. Two limit cases were also calculated when
both the inclusion and the matrix were represented by the same material, steel and polymer, respectively. The
polymer phase is described by the hyperelastic Yeoh model, while steel is elastic-plastic with the Kirchhoff
type hyperelasticity and the J2 plasticity. A unit cell was subjected to isochoric extension in z direction. It is
observed that due to a large contrast in the elastic stiffness, for the case of polymer matrix, strain in a steel
inclusion is negligible as compared to the strain in polymer.

- | ! | ~ Spherical
II | : inclusion Symmetry
al | j BC
} A
Cubical matrix =l b/ \x
a) b)

Figure 1: A composite unit cell (a) and its computational model analyzed in ANSYS. (b)

Overall and per-phase responses were studied. For the composite with a steel matrix addition of polymer in-
clusions increases the specific tangent modulus (i.e. the current modulus divided by the composite density).
Considering results shown in Fig. 2a, it can be said that above 0.12 of true strain all results are stabilized,
monotonically decreasing and tend to converge with each other. For the stabilized part of the curve the value of
specific modulus for composite cases is always higher than for a pure steel case. At the same strain level, the
specific modulus first increases with the polymer volume content, reaching the highest value for ¢ = 3.35%,
and then decreases.
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Figure 2: (a) Specific smodulus as a function of true strain for steel matrix configuration (only FE analysis)
(b) Comparison of true strain-true stress curves obtained by FE analyses (circles) and using micromechanical
model (continuous line) for polymer matrix configuration.

In the case of polymer matrix almost no strain is observed in the steel inclusions that behave as rigid. The overall
true stress-true strain curves obtained for a different steel volume content c are demonstrated in Fig. 2b. For the
same strain the stress level increases with c. Preliminary validation of the micromechanical scheme based on
the incremental tangent linearization and the Mori-Tanaka averaging is also shown for this configuration. In the
model the non-linear polymer behaviour (the Yeoh law) is linearized as follows

(1) Ty = f(Fn) - T =LY - F,, where LY = gﬁ@&?‘M

and the interaction law takes the form
) T; — T, = —L.(LY) - (F; — F,,,)

in which F,,, ; and T, /; are the deformation gradient and the first Piola-Kirchhoff stress in the matrix and
inclusion, respectively, while L, is the Hill tensor. Inclusions are assumed as rigid, therefore F; = I and
F,, = 1/(1—c¢)(F — cI) (F is the overall deformation gradient imposed in the analyses). It can be seen in Fig.
2b that the model agrees well with FE results for small volume content of steel inclusions, while for a higher ¢
the stress level is under-predicted, especially for an increasing strain level.
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1. Introduction

It is well known [1, 2] that the overall response of the polycrystalline material in the inelastic regime is strongly
influenced by the anisotropy of the single crystal related to the presence of easy- and hard-to-initiate mecha-
nisms of plastic deformation. Prediction of the effective properties of such materials by means of mean-field
schemes is a challenging task. For the case of elastic-viscoplastic material response one can use either the
schemes based on the Laplace-transform technique [4] or the approaches that employ the approximate lin-
earization in a real time space, e.g. [3, 5]. Yet another possibility is offered by computational homogenization.
In the present contribution the comparison of predictions offered by mean-field schemes and finite element
RVE analyses are presented for TiAl-like crystals of varying viscoplastic anisotropy and strain rate sensitivity
subjected to the inelastic deformation processes involving the strain path changes.

2. Methodology and results

Within the mean-field sequential scheme the response of the Maxwell-type elastic-viscoplastic polycrystal is
established by solving at each strain increment two subproblems: creep-type one (purely viscoplastic) and
instantaneous one (purely elastic). In the simplest version of the sequential self-consistent scheme, when the
additional accommodation step is not necessary and the grains are of the spherical shape, two interaction equa-
tions corresponding to two mentioned subproblems take the form:

(1) el -t =-M (0, %), & —¢&f=-M (6,-3)

where €; + &) = &g, é(\]/g + éOEg = E and éz/ “ and 04/0, are the viscoplastic/elastic strain rate and
stress/stress rate in the grain g, while E and X the overall strain rate and the stress in the polycrystal, cor-
respondingly. The tensors 1\_/15/ © are the inverse Hill tensors for purely viscous and purely elastic problems
obtained with use of the corresponding overall stiffness calculated according to the self-consistent procedure.

In the case of non-linear viscoplastic polycrystals tangent or secant linearization of the local response is per-
formed in order to use the Eshelby result.

At the level of single grain the standard formulation of rate-dependent crystal plasticity is used. The linear
anisotropic Hooke’s law is assumed for elasticity. Viscoplastic flow takes place by movement of dislocations
on the crystallographic slip systems defined by the lattice geometry. For simplicity the Norton-type power law
without hardening is assumed. It relates the slip rate and the resolved shear stress at a single slip system (for de-
tails look at [1]). FE calculations are performed using AceFEM software for the volume element of polycrystal
of checkerboard distribution of randomly selected N grain orientations (Fig. 1(a)). Each grain is divided into
M? elements. The macroscopic strain program is imposed using microperiodic boundary conditions.

Mean-field and finite element calculations are performed for a tetragonal ~-TiAl-like aggregate (L1 lattice
geometry, 4 ordinary dislocations: {111}(110], 8 super-dislocations {111}(101], with 75?74 = o > 1,
where « is an indicator of viscous anisotropy due to only 3 independent easy slip systems). Components of the
elasticity tensors are assumed as reported in [1]. The exemplary results for a tension-compression and shear
cyclic loading are shown in Fig. 1c,d. FE predictions lie between the results of the sequential method combined
with the tangent and affine linearization of viscous response. For the presented example of polycrystal with
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strong viscous anisotropy satisfactory agreement has been obtained when the modified tangent linearization
with a tuning parameter 8 = 3 [6] is used in the purely viscous step.
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Figure 1: Example of RVE with FE mesh (V = 64, M = 3) (a); slip systems in 7-TiAl (ORD - ordinary
dislocations, SUP - superdislocations) (b); overall response in tension-compression (c) and shear (d) cycle for
~v-TiAl aggregate shown in (a) with exponent n = 8 in the local power law and an anisotropy factor o = 5.
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1. Introduction

Softening of any kind (material, geometrical or thermal) can provoke the occurrence of a localized deformation
mode in the form of a neck or a shear band. When a classical continuum description is employed this can
involve an excessive mesh sensitivity of simulation results, which is caused by strains tending to localize in
the smallest volume admitted by discretization. This pathological effect can be prevented by an upgrade of the
constitutive description called regularization, involving either nonlocal averaging, spatial gradient dependence
or time rate sensitivity.

The localization zones are often stationary and can lead to failure. On the other hand, one can encounter so-
called propagative instabilities [1, 6], i.e. localized patterns which evolve in the loading process. One of such
phenomena are Lueders bands, see for instance [3].

In this paper the thermal influences are neglected and attention is focused on phenomenological modelling. Two
large strain elasto-plasticity models are used: the first one, presented for instance in [5], is extended towards
viscoplasticity, the second one is based on [2] and gradient-dependent. Numerical analysis of a propagative in-
stability of a Lueders type is performed for a two-dimensional configuration in plane strain conditions subjected
to imposed tensile deformation [5].

2. Model description

The considered model is based on the multiplicative decomposition of the deformation gradient F = F¢FP?.
The state of the material is described by the Helmholtz free energy, decoupled additively in elastic and plastic
hardening parts 1 (b®,~) = ¢(b®) + ¢”(~), where b€ is the elastic left Cauchy-Green tensor and + is a scalar
plastic strain measure.

The plastic process is governed by the yield condition F},(7,v) = f(7) - \/2/_30y(7) < 0. The equivalent
stress function f(7) is a Kirchhoff stress measure (e.g. Jo Huber-von Mises type) and o, () denotes the
yield strength which includes multi-linear strain hardening/softening. To regularize the model either a viscous
term &+ is included in o, making the model rate-dependent (it is so-called consistency viscoplasticity [6] with
viscosity parameter &) or isotropic degradation of plastic properties as in [2] is incorporated together with a
gradient-enhancement.

3. Implementation and numerical tests

The numerical simulations are performed using symbolic-numerical packages Ace in Wolfram Mathematica
environment [4]. Standard hexahedral elements with linear interpolation of all fields and F-bar modification
are employed. Special attention is focused on the ability of the models to represent the propagative instability.

The adopted material model parameters are: Young’s modulus E = 207 GPa, Poisson’s ratio v = 0.29, initial
yield strength 0,9 = 450 MPa. For the yield strength softening is initially assumed with H1=-0.01 E as the
equivalent plastic strain grows from 0 to y1=0.15, then the yield strength is constant until y9=0.3, and hardening
with H2=0.005 E follows.
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The dimensions of the plate are: L=0.1 m, S = 0.05 m, H=0.0025 m. To set the position of the incipient shear
band a 10% reduction of the yield strength is assumed in one element at the lower left-hand corner of the
configuration. The plate extension is specified by factor A which scales the total imposed elongation of 0.4 L.

Figure 1 shows the diagrams of the sum of reactions versus the imposed elongation for the two regularized
models. Figure 2 presents deformed meshes with the distributions of accumulated plastic strain «y. The left plots
exhibit shear bands formed due to softening. The right ones show that they broaden and hardening induces a
propagation of the plastic front while the plastic zone expands. The process is sensitive to the viscosity and
weakly sensitive to the nonlocality present in the gradient model.
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Figure 1: Force-extension diagrams for the viscoplastic model (left, different viscosities) and gradient-
dependent model (right, different internal lengths)
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Figure 2: Distributions of equivalent plastic strain: first row - viscoplastic model with £=0.004 for two extension
values A = 0.08 (left) and A = 0.66 (right); second row - gradient-enhanced model with internal length [ = 0.1L
for A\ = 0.02 (left) and A = 0.42 (right)
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Abstract

Significant progresses have been made in the last decades on the understanding and modelling of the
micromechanics that govern the ductile fracture phenomena in porous metallic materials subjected to complex
stress states. Two modes of plastic flow localization commonly occur in the failure of ductile materials. The
first is the so-called “macroscopic localization” and occurs when the deformation becomes highly non-uniform
and localizes into a thin band. The second one is the so-called coalescence and occurs when nearby microscopic
voids interact and merge, leading to the formation of macroscopic cracks.

The question addressed in the present work is whether macroscopic localization occurs prior or after the void
coalescence. For that purpose, we have developed an original numerical methodology, based on 3D unitary-
cell computations in ABAQUS/Standard [ 1], to simulate the evolution of a spherical void subjected to complex
stress states: predefined triaxiality and Lode parameters which remain fixed during loading. The key and
original feature of our investigation, which is based on a previous work of Tekoglu et al. [2], is to consider the
strain rate dependence on the flow behavior of the material. We have identified that the viscosity of the material
plays a crucial role on both localization modes. Nevertheless, irrespective of the material properties considered,
our numerical results have shown that “macroscopic localization” occurs always earlier than “coalescence”.
The implications and consequences of such behavior will be exposed and discussed.

Numerical results

As is shown in Fig.1, attention is focused to analize a parallelepiped unitary cell that initially contains a

spherical void in its center with initial radius Ro.
L

I

‘i/-;
/

X'
a) b)

Fig. 1. Squeme of (a fourth) representative volume element used in the simulations. The initial orientation of the voided cell = P!
and his characteristic length = Lo. b) Finite element mesh of the representative element for f0=0.001 and ‘Yu =0°
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The representative volume element was numerically analyzed using the finite element software
ABAQUS/Standard [1], wich employs a finite strain J, flow theory within and updated Lagrangian formulation
to account for large deformations. The chosen material for the analysis follows a power-law type rate hardening
formulation defined by:

where Go represents a reference yield stress, m the strain rate sensitivity parameter of the material, €, a
reference strain rate, E the Young modulus and £3= 6o/E. The full set of constants employed in the simulations
to define material properties are E=167 GPa, v=0.3, 6;=418 MPa, £, =1s" and 5= 0.0025. In order to study
the relative contribution of the strain rate effect in localization and void colescence, numerical simulations are
going to be carried out considering the strain rate parameter m varying within the range of values m=0-0.25.

To exemplify the influence of the strain rate parameter on localization and coalescence behavior, the
macroscopic strain in the band E,® at the onset of localization and coalescence, are plot in Figs. 2 versus
triaxiality T for the different m values considered. The prescribed Lode parameter is L = -1 and the initial
porosity is fo = 0.001. As can be observed, macroscopic localization and coalescence are strongly affected by
m parameter promoting, for every T value tested, a delay of the value of E¢® where localization and
coalescence take place.
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Fig. 2. Critical equivalent strain at the onset of localization and coalescence as a function of triaxiality for strain rate parameters m =
0, 0.01,0.05, 0.1 and 0.25.
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1. Introduction

The quality of the optimization of metal forming processes strongly depends on material models used. In
addition, determination of the model parameters is commonly the most time consuming part and can be very
expensive, due to the needed experimental data. As the models are getting more and more complex, the number
and complexity of the required experiments is increasing continuously as well. In the sheet metal forming
context, these requirements are even more pronounced, because of the anisotropic behavior of the sheet
materials. In general, tensile tests in at least three directions, biaxial tests and tension-compression or shear-
reverse shear experiments are performed to determine the parameters of the macroscopic models, e.g. the HAH
model [1]. Hence, determination of the macroscopic model parameters based on virtual experiments is a very
promising strategy to overcome these difficulties and to reduce the number of real experiments to a minium.
For this purpose, in the framework of this study, following topics are covered:

¢ Investigation of the influence of the grain size on the hardening behavior
e Modeling of the Bauschinger effect at the grain level
o Prediction of the anisotropic behavior (yield locus) based on crystal plasticity simulations

2. Material models and numerical modeling techniques

Modeling of the plastic behavior of metals based on crystal plasticity theory is a well-established methodology.
However, in general, the computation time is very high and therefore, the computations are restricted to
simplified microstructures as well as simple polycrystal models. In the presented work, an efficient coupling
of a physically based phenomenological crystal plasticity model - including an implementation of the
backstress and grain size effects - and the FFT-spectral solver of the code DAMASK [2] is proposed. For the
aluminum alloy AA5356 the influence of the grain size on the yield stress is shown in Figure 1 (left).
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Figure 1: Yield stress as a function of the grain size (left); Micrographs for two different grain sizes: 12um
and 29um (right).
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The grain size effect is based on a Hall-Petch relationship. The initial critical resolved shear stress as well as
the saturation stress are modified as follows:

- 1
1) Teo =Teo + k1\/_5

~ 1
(2) Tgat = Tgat + k; Va

where d is the grain size and k, and k, parameters fitted on tensile tests with grain sizes shown in Figure 1.
A further aspect considered in this study is the Bauschinger effect. Similar to the macroscopic nonlinear
Armstrong-Frederick type, a backstress model (see eq. 3 and 4) at the slip system level is implemented [4] in
DAMASK. Predictive capabilities of the model for a tension-compression load case are shown in Figure 2.
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Figure 2: Modeling of the Bauschinger effect for Figure 3: Comparison of the fitted YLD2000-2d
the aluminium alloy AA5182. model and CP-model prediction for AA6016-T4.

Modeling of the anisotropic behavior based on CP-simulations and the macroscopic model is shown in Figure
3 [4]. In this context it is worthwhile to mention that for the CP-simulations only the yield curve and the ODF
has been used to predict the anisotropic behavior, whereas fitting of the YLD2000-2d model on experimental
data requires three tensile tests at different directions as well as the equi-biaxial tension test.

3. Conclusions and Outlook

It can be concluded that an efficient coupling of crystal plasticity models and the FFT-spectral solver leads to
a significant reduction of the amount of real experiments needed to calibrate macroscopic models. CP-
modeling can be used to model anisotropic hardening more accurately by considering the backstress, similar
to well-established macroscopic kinematic hardening models. Further, due to the time efficient spectral solver
used in the computation of the RVE models, detailed modeling of the microstructure is possible. Performing
of experiments with pre-strained material in tension and equi-biaxial stretching are subject of the ongoing
work. These experiments will enable a validation of the CP-models for more general loading paths.
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1. Mathematical model and governing equations

We investigate the dynamic behavior of a system of two beams with arbitrary boundary
conditions, connected with a number of k elastic restraints of finite stiffness s (see figure 1). Beams
can have different flexural rigidity E1, mass density m, damping coefficient ¢ and length L. One of
the beams is subjected to a point force of constant magnitude P moving with constant velocity v.
Equations of motion describing flexural vibrations w; = w(x;, t) and w;; = w(xy;, t) of the beam 1
and II have the form:

BEAM I X1

¥ my, (EL)y S50
o Y ¥ vt ¥ ‘
%7 . L1 . or %7 .
1 1
n L "
4 7

Fig 1. Double-beam system with multiple elastic restraints subjected to a moving force

K
(1) (EI)IWIIV + CIWI + mIWI + Z Si[WI - WH](S(XI - xlli) = PS(XI - vt)
i=1 .
() (EDpwi) + ey + mypvg + Z silwy — W1]5(x11 - xII,i) =0

i=1
where roman numerals denote differentiation with respect to spatial coordinates x; and x;; while dots
( ' ) denote differentiation with respect to time t. Symbol §(.) denotes the Dirac delta.

In the presented method we replace analyzed structure with two single-span beams. Vibrations
of the upper beam can be described as w; = wf + Zk L wi*" while vibrations of the unloaded lower
beam are equal to w;; = — Y*_, wj¥". Expression w}” denotes vibrations of the single-span beam due
to the given moving force P while expressions wi* and wjf* are vibrations of the I and I beam
resulting from the force X;(t) in the ,,i” elastic restraint. Forces X;(t) can be determined from a set
of compatibility equations:

(3) wl (%, t) + Z wxt(x;;,t) + Z WX‘(x,, i

X; (t)

If we assume that vibrations w{** and wjf' are presented in the convolution form with use of

Duhamel’s integral, equation (3) will have the form of the Volterra integral equation of the second
order which can be solved numerically applying methods described in [4].
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2. Numerical example

Presented example is of a three-span double-beam system (see figure 1). Upper beam is simply
supported while the lower beam is clamped on both ends. Beams have the same length L = 12 m,
flexural rigidity EI = 4 -10% Nm?and mass density m = 25 kg/m and are connected with two
elastic restraints of stiffness s; = s, = 1+ 10° N/m. System is subjected to a point force of constant
magnitude P = 1000 N moving on the upper beam with constant velocity v = 30 m/s. In further
calculations we analyze dynamic deflections of the middle points at the upper and lower beam
(sections “a” and “b”). Results for the both sections are presented on the figure 3.

© |
V)
Vd
II
Jra
A
Fig 2. Double-beam system with two elastic restraints
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=
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T=vt/L []
WI(L/2,T)  ====- wlI(L/2,T)

Fig 3. Dynamic deflections of the middle points at the upper and lower beam
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1. Introduction

This paper is focused on the development of the meshless Monte Carlo (MC) method with the random walk
(RW) technique and its application to selected elliptic problems in mechanics. MC belongs to the wide class
of probabilistic approaches and is commonly used in a variety of algebraic and differential problems. Its main
concept is based upon the performance of series of simulations (trials) with properly defined success trial.
Eventually, the number of success trials related to the total number of all trials, scaled by the dimension quantity
(area, function value) may be treated as an unbiased estimator of the unknown solution to the considered
problem. In this manner, MC combined with the RW technique, allows for a simple and effective estimation
of the solution of the Laplace differential equation at selected point(s) of the domain, without a generation of
a system of equation, combining all unknown function values [1]. However, the standard MC/RW approach
is limited to an analysis of very simple elliptic problems, with essential boundary conditions and a regular
mesh of nodes. In order to overcome those drawbacks, the original concept, proposed in this paper, is based
upon the application of selected aspects of the meshless finite difference method (MFDM, [2]) to the MC/RW
approach. Especially, the classification criteria of nodes into the FD stars as well as the local moving weighted
least squares (MWLS, [2, 3]) approximation are taken into account. Therefore, an analysis of a wider class of
problems, with more complex geometry, natural boundary conditions, non-homogeneous material and right-
hand side functions as well as arbitrarily irregular clouds of nodes, is possible. The proposed meshless MC/RW
approach is examined on selected 2D benchmark elliptic problems (torsion of a prismatic bar, stationary heat
problem).

2. Standard Monte Carlo with random walk

When the Laplace equation is considered (V2F = 0 in 2 with F = F' on 99), the following solution strategy
may be adopted: 1. Select any arbitrary internal point x; with unknown function value Fj, which belongs to
the regular mesh of nodes (Fig.1a). 2. Randomly choose one of the four equally possible directions (north, east,
south, west) and move to the closest node located there. 3. Proceed as long as the first boundary node is reached
- note its function value F; and increase its number of hits IN; (equal zero by default) by one. 4. Return to the
point of interest x; and repeat the entire procedure (1-3) until all /N random walks are performed. 5. Estimate
the function value F}, as

1 _
(D F ~ I F;N;

The mathematical proof [1] for the convergence of (1) to the true solution of Laplace problem is based upon
the similarity of the stochastic system of equations to the one obtained by the standard finite difference method
(FDM).
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Figure 1: Comparison of the standard MC/RW (a) and the meshless MC/RW (b) concepts

3. Meshless Monte Carlo with random walk

2 2

(Z;;—i—g;g:finﬁlwithF Fon@QFandg—i

g on 0S),). Moreover, if the domain €2 has a complex shape, an arbitrary irregular cloud of nodes has to be
generated (Fig.1b). In such case, a directions of possible moves from the selected point x; may be determined
using meshless approach (e.g., FD stars with distance or cross criteria, [2]). Furthermore, selection probabilities
depend on the distance between nodes in a FD star and the material function a value. They are found by means
of the local MWLS technique [3], taking advantage from the information overload. The random walk terminates
when the first boundary node ¢ € 0€Q)r is reached. However, it continues for all internal and boundary nodes

i € 0%4. The final meshless MC/RW formula combines all a-priori known information (a, F, f,q) as well as

More general elliptic equation is considered (a

numbers of nodal hits NZ-F , Nif , N/, determined in a stochastic manner, according to the MC concept.

4. Numerical examples

A variety of problems has been solved by the proposed MC/RW approach. Both regular meshes and strongly
irregular clouds of nodes are investigated. Accuracy of solution and solution derivatives is taken into account.
Solution convergence is terms of random walk number is examined. The most interesting up-to-date examples
will be presented during the Conference.

5. Final remarks

Though obtained results are very promising, the method is still under current development. 2D+time (non-
stationary), 3D as well as non-linear problems are planned as the following research stage. Additionally, the
optimal balance between the number of walks NV, and the number of nodes n needs to be determined.
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1. Introduction

The main goal of this paper is to present some compuational technology for the adaptive analysis of the prob-
lems of solid mechanics and the coupled problems as well. The adaptation concerns both the modelling and
solution of the problems. The main feature of the presented methodology is its unifying character, which means
that the same methods are applied to hierarchical modelling and hierarchical approximations of the problems
under consideration. Furthermore, the analogous a priori error estimation methods, serving the same a posteriori
error estimation algorithms and analogous adaptivity control schemes, are applied to the mentioned problems.

The presented methodology is assigned for complex problems in which three types of complexity are allowed.
The physical complexity consists in the possibility to consider the coupled problems where the fields of various
physical character are analysed together. The geometrical complexity lies in the possibility to apply structures
or domains composed of different geometrical parts, i.e. solid parts, thin- or thick-walled symmetric-thickness
members, and transition parts as well. Finally, the model complexity is related to the possible application
of more than one mathematical model for the decription of the uncoupled physical phenomenon or coupled
physical phenomena under consideration regardless of the division of the structure or domain into geometrical
parts. In this paper the expemplification of the approach includes the uncoupled problems of elasticity and
dielectricity and the coupled problem of piezoelectricity.

2. State-of-the-art issues

The 3D-based hierarchical models considered here conform to the primal displacement variational formula-
tion. Such models were proposed first in the initiating work [3] concerning shell structures. The models were
generalized in [11] for a wider class of 3D-based elastic theories. The a priori error estimation method for the
modelling error is based on the general dimensional reduction method of [1,2], exemplified by the conventional
shell models [6]. The a priori error estimation for the approximation error is based on the general considera-
tions for the hAp-approximations of the elliptic problems. The a posteriori error estimation takes advantage of the
equilibrated residual method, elaborated for the approximation error in the uncoupled elliptic problems [8]. The
method was applied to 3D-elasticity in [S] and the conventional hierarchical shell models in [7]. The method
was also adopted for the 3D-based elastic models in [12]. The adaptivity control method uses the three-step
strategy [4]. Such an adaptive strategy was used for the conventional plate- and shell-like structures in [7]. The
method was extended to the 3D-based complex elastic structeres in [12].

Application of the above mentioned methods to dielectricity and piezoelectricty is less common. Hierarchical
models of dielectrics and piezoelectrics were elaborated in [9] up to the fourth order for the case of the mixed
variational formulation. The 3D-based models within the primal variational formulations were presented in
[13, 14]. Therein, also the hierarchical approximations, analogous to the elasticity case, were proposed. The
a priori modelling error estimation for the case of dielectricity were performed in the unpublished work of
this author. The a priori approximation error estimation can be based on the general considerations concerning
elliptic problems. The a posteriori error estimation and adaptivity control algorithms based on the equilibrated
residual methods for the cases of dielectricity and piezoelectricity were introduced in [13, 14]. The same works
include also the three-step adaptivity control algorithms for both the cases. The alternative way of adaptivity
control for the case of piezoelectricity can be found in [10].
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3. Findings and attainments of the research

The following novely elements are presented in the paper. The idea of the 3D-based hierarchy of models of
linear elasticity, including 3D-elasticity, first- and higher-order hierarchical shell models, and solid-to-shell
transition models, has been adopted for dielectricity. The hierarchy of 3D-based dielelectric models consists of
the 3D-dielectricity model and the hierarchical symmetric-thickness models of dielectricty. In the case of the
piezoelectricity, both hierachies are applied in such a way that any combination of the elastic and dielectric
models is possible. As far as the hierachical hp-approximations are concerned, the same hierarchical shape
functions, constrained approximations, and transition approximations as well, have been applied to the above
elastic, dielectric and piezoelectric hierarchies of models. Furthermore, for any of three media, the hierachies
of the corresponding models have been combined with the related hierarchical approximations. This way, three
hierarchies of numerical models of elasticity, dielectricity, and piezoelectricity have been generated.

In the case of the a priori error estimation, the existing results for elasticity have been extended onto dielelec-
tricty. The a posteriori error estimation methods, based on the equilibrated residual method applied earlier to
both conventional and 3D-based models, have been applied to the 3D-based models of the uncoupled dielec-
tricity and 3D-based models of the coupled piezoelectricity. The related algorithms for the splitting functions
determination and for solution of the local problems have been elaborated and theoretically substantiated.

The methods of model- and hp-adaptivity control based on the three-step strategy have been extended to the
complex problems where the physical, geometrical and model complexity may appear. The methods cover
elastic, dielectric and piezoelectric problems, and their electro-mechanical combinations as well.
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1. Introduction

The development of new manufacturing technologies with new application possibilities requires components
with properties more and more specific, being a challenge to design methodologies. One of these new
technologies is Tailored Forming, which presents a process chain for the manufacture of hybrid components,
aim of the Collaborative Research Project (CRC) 1153 established at the Leibniz University of Hannover [1].
This CRC has as main focus the study of the manufacturing process to join different metals, producing
results that are mostly not optimal for the design point-of-view. Furthermore, the design stage has to consider
all the strong manufacturing limitations involved at the same time that offers new optimized solutions. For
that, an adaptive design process has to be developed, so that the manufacturing constraints are learned and
new solutions are generated.

2. Method

The objective of the present study is to develop a systematic design method for Tailored Forming that can
combine the manufacturing experience obtained with Computed Aided Engineering (CAE) approaches. The
method here proposed is based on a Case-based Reasoning (CBR) [2]. However, two distinct features are
implemented in the retrieve step: a parametric design and a geometry similarity analysis. In the first one, it is
created a parametric analysis framework that generates a large simulated case-base. Here is where the best
solution is searched based on user requirements. Since Tailored Forming is a technology still in research, the
results collected in this first stage present also valuable information for the actual development course. The
second part, the geometry similarity, is a comparison of this simulated case-base with a second case-base that
consist on real results, manufactured and tested. The level of similarity performed in this step provides
information about the manufacturability of the simulated geometries. Figure 1 presents the whole CBR cycle,
showing the proposed model for the Retrieve phase.

User I |
Csow ——— | [F Parametric
Results & 4 ! CAD
. 3 Simulation 7
New Case A Select Case—Basle .
Retain | bestcase [ — FEM
Real |
Case-Base ) 1 1
=] et iy
Test bench = | |f !
[~ - I
Sim |
- Validation Determine Case &8
Revise | next real-case —= Real
’ Case & =

1
Manuf. ) \ 4 '/
Process | Production Adjustment |« 1 Geometry Similarity
L _ —
Reuse Retrieve |

Figure 1. Diagram showing the proposed CBR.

To the end user, a mixed database is available, with simulated and real results. The best solutions are found
according to user requirements in the simulated one, i.e. mechanical properties. Then, through the geometry
similarity with the real cases, the results will be measured by the potential for manufacturing. So, by

144



Session: Computational aspects of solid mechanics Abstract P067

selecting a certain degree of manufacturability, the user will be able to find new improved solutions that are
not so different from the current ones, but present improved performance. With all this collected information,
the manufacturing process properties can be adjusted and validated, in order to generate new improved
solutions that will be saved as a new case in the real case-base. The present study, however, focus on the
method in the retrieve step, not getting into details with the manufacturing and validation side of the process.

3. Application Example

As application example of the method we take a hybrid shaft that is made of Steel and Aluminium, which is
one of the demonstrators of the CRC 1153. The parametric generation system was implemented using the
softwares Autodesk Inventor (2017) and Abaqus CAE (2014). Since the focus here is the performance of the
connection zone, only this zone was parametrized. The CAD files with variated parameters were then
submitted to a FE analysis, saving all the results in our simulated case-base. The parametric description is a
critical step in the process, since it has to cover a large solution space and include the current real geometries.

Parallel, the cases already manufactured were saved in the real case-base, with all manufacturing parameters.
With that, the CBR was ready to be started by the user, which may select specific or minimal properties as
requirements. In Figure 2, we present the results for a case where the user requirement is the minimization of
the maximal stress at the joining zone. Firstly, the geometry with the best solution was found. Next, we use
Euclidian distance to find the most similar real geometry. All this information is then forward to the
manufacturing side of the process, where the CBR cycle continues.

User configuration > Select best case > Determine next real-case

- N Joining Zone Maximum Stress Geometric similarity measure
Requirements for the shaft:

« Boundary conditions ‘ next real case geometry ‘

« Bending load 24 e ® * @
. J e o
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S idi n .
Minimization of the max. 16 t’,'- ° Euclidian distance:
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1.2
1
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Select best simulated case ® Simulated case @ Real case properties

Real case manufacturing ’

Figure 2: Implementation results until the retrieve phase for the hybrid shaft.

4. Conclusions

The method proposed in this study serve as tool not only for the current development of Tailored Forming,
but also for industrial applications. The use of a simulated case-base has a positive impact on the initial
research, since it measures the influence of each parameter on the design. The use of a real case-base in
conjunction with the simulated one works as an efficient tool for the machine learning process. The proposed
retrieve model is able to provide relevant knowledge for the next step of CBR, performed by the
manufacturing side of the process. Thereby, the presented model can be here defined as a learning tool of the
manufacturing restrictions, bringing new possibilities for the development of new technologies.
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1. Introduction

In this contribution, an initially curved composite Reissner beam is considered, [2]. The proposed numer-
ical model enables simulations of arbitrary contact between laminae, modelled as a distributed load as a
function of displacements. Delaminations of any size and direction can be simulated. We use quaternions
for parametrization of rotations [4]. Rotation of an arbitrary vector using quaternion can be expressed as
a=q¢oaoq =®(q) Pr(¢")a = Q(q)a. We use Q to denote the 4 x 4 rotational matrix.

2. Formulation

A three-dimensional beam element is uniquely described by the position vector r4(x) of the beam centroid axis
and the orthonormal base vectors G1(z), G2(x), G3(x), where G5 and G3 span the plane of its cross-section
and G is its normal vector. Parameter = € [0, L] is the arc-length of elements centroid axis. We assume that the
cross-sections are rigid and conserve their shape during deformation. Another set of fixed orthonormal vectors
g1, g2, g3 define physical space from reference point O of global coordinate system X, Y, Z, Figure 1.

Figure 1: Undeformed and deformed arbitrary beam element in space.

The equilibrium equations of an element of a beam are given by the following set of differential equations:

(1) Ny(z) +ng(x) — krg(x) =0,

) My (x) + 74(x) x Ng(x) + mgy(x) = 0.

The force Ny(x) and the moment M (x) stress resultants depend on the external distributed force and moment
vectors ng(x) and mgy(z), respectively, both measured per unit of the undeformed length of the axis. We add to

this formulation a distributed contact force k = diag [k, ky, k-] to model general nonlinear behavior between
the beam and the foundation or bonds between adjacent layers in composite beams.
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Constitutive equations describe a connection of stress resultants with strain vectors v and k. The translational
strain vector y, is expressed with respect to global basis and rotational strain vector x with respect to material
basis. Both are assumed constant throughout the length of the finite element of the beam, as in Refs. [1], [3],

3) Vg = [G04G 0 q"] =1} + cq,
4) kg = 24" 0§ +dg,

where cg and dg are constants, given in the initial configuration. System of equations is constructed with
constitutive, equilibrium, kinematic equations and boundary conditions.

Solution of a linearized system K ] oy = —f ] in each step results in a vector of corrections dy =
. . T . . . .

[(57“2, 8¢, 57“gL, 5GL ON, g ,0M g ;05 5/49} . Update procedure for rotational quaternions requires special atten-

tion. Calculated correction rotational quaternion G will be used to obtain multiplicative incremental rotational

6GPog*P . A ~ . . . .
164704 lgs sin(dgP o ¢*P), that is combined with the current rotational

quaternion AgP = cos(dgP o ¢*P) + Tarer

quaternion as G711 = AgP o gl

3. Numerical example

We solved several examples and compared results with other authors to confirm the accuracy of our procedure.
Here, we present an example from an adhesive shear stiffness test.

Adhesive stiffness is described with hyperbolic tangent function of spatial distance between two FE. To simulate
shear test, two beams are held together by an adhesive and then pulled apart while measuring the force. Sketch
of the test and the stiffness function is shown in Figure 2. Simulation results are shown as a relation between
force and displacement of both beams. It is evident how beams return to initial configuration after the bond
breaks, since only elastic deformation is considered.

F elastic beam F
-« - ] > v
adhesive layer —~ elastic beam w/
K [N/mm?] - - - - - -

10
= Au[mm] 04 02 0.0 02 04 0.00 0.05 0.10 0.15 020 025 0.30

wimm] ulmm]

Figure 2: Shear test of two beams connected by adhesive with defined properties.
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1. General

Porous metallic materials are one of the most interesting class of modern engineering materials, which find ap-
plications in a wide range of fields, like: medicine (implants), transportation (plane coatings, car bumpers), en-
ergy industry (batteries) etc [1]. Depending on the type of porosity, they can be classified to different subgroups,
e.g. open-cellulars, closed-cell metallic materials, gasars, sponges (open irregular porosity) and others [2]. The
authors would like to present here a study on open-cell aluminium.

The material was produced in own laboratories and its properties were investigated in uniaxial compression
experiments. An ANN analysis was performed in attempt to modelling of the compressive behaviour of own
aluminium open-cell material.

2. The material and uniaxial compression tests

The material was not bought from an external supplier, but was self-produced [3]. The parameters of the pro-
duction method were calibrated in course of the manufacturing, so there were two sample groups obtained:
the prototype group (with some minor structural imperfections and generally larger relative densities) and the
regular group (without structural mistakes, with smaller relative densities). Both groups were then subjected
to uniaxial compression [3-5]. The experiments showed that compressive response was related to samples’
density (Fig. 1).
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Figure 1: Stress-strain diagram for open-cell aluminium samples (the numbers by plots are relative densities in
[g/cm?]).
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3. The ANN analysis

The computational analysis aimed at modelling of the aluminium sponge compressive response with relation
to its density. The method chosen was an artificial neural network analysis [6, 7].

The calculations were performed using Matlab R2011B version. All data were taken from the conveyed uniaxial
tests for all samples for the range 0 = 0 + ~3 [MPa]. The input data for the ANN analysis were in this case
pairs of numbers for each sample: strain and density. The output was the stress. Measurement data processing
was performed using a two-layer feedforward neural network implemented in Matlab environment. The first
layer was the hidden layer, the second was the output layer. In detail, the ANN procedure consisted of training,
validation and test.

Fig. 2 depicts the created neural network structure. It had one hidden layer consisting of 3 neurons; there were
no delays implemented on the input for this layer. The activation function for the hidden layer was tangensoidal
(tansig). The output layer had a linear activation function. The obtained results showed that the assumed neural
network is capable of modelling of the compressive behaviour of the given material with relation to its density
for the assumed stress range: the obtained regression for all data was R=0.966. The regression chart and the
histogram error plot are presented below (Fig. 3).
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Figure 3: Regression and error histogram for the ANN.
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1. Introduction

The contribution is concerned with a numerical element formulation in boundary representation. It results in a
polynomial element description with an arbitrary number of nodes on the boundary. Scaling the boundary de-
scription determines the interior domain. The scaling approach is adopted form the so-called scaled boundary
finite element method (SB-FEM). The SB-FEM is a semi-analytical formulation to analyze problems in linear
elasticity, see [1]. Within this method, the basic idea is to scale the boundary with respect to a scaling center.
The boundary denoted as circumferential direction and the scaling direction span the parameter space. In the
present approach, interpolations in scaling direction and circumferential direction are introduced. The interpo-
lation in circumferential direction is independent of the scaling direction. The formulation is suitable to analyze
problems in non-linear solid mechanics. The displacement degrees of freedom are located at the nodes on the
boundary and in the interior element domain. The degrees of freedom located at the interior domain are elimi-
nated by static condensation, which leads to a polygonal finite element formulation with an arbitrary number of
nodes on the boundary. The element formulation allows per definition for Voronoi meshes and quadtree mesh
generation, see [2]. The present approach considers a quadtree mesh to model the heterogeneous structure.
The heterogeneous structure includes voids and inclusions located in the interior domain. Curved intersection
boundaries are modeled by using a special trimming algorithm. It avoids also staircase approximation of curved
boundaries. Numerical examples give rise to the performance of the present approach in comparison to other
polygonal element formulations, like the virtual element method (VEM). Some benchmark tests show the ca-
pability of the element formulation and a comparison to standard and mixed element formulations is presented.

2. Numerical example

The example is concerned with an heterogenous version of the Cook’s membrane. The membrane is bounded
by the polygon with the (x,y) tuple: (Omm; Omm); (48mm; 44mm); (48mm; 60mm); (Omm; 44mm), see Fig.1.

4444

Figure 1: The Cook’s membrane with an inclusion and a void. The color red denotes the Neo-Hooke material,
blue the St. Venant-Kirchhoff material. The structure is modeled by different quadtree meshes.

The material is described by an Neo-Hook material model, defined with the strain energy function ¥ =
LrFTF — 1) — pln(J) + %(J2 — 1 — 21In(J)) with the Lame constants A = 400889N/mm? and u =
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80.1938N/mm?. Here F' denotes the deformation gradient and .J is its determinant. The boundary of the in-
clusion is described by a circle with a radius of 8mm and a center point defined by the co-ordinates (12mm,
23mm). The material behavior of the inclusion is determined by the St. Venant-Kirchhoff material with the
Young’s modulus £ = 2400N/mm? and the Poisson’s ratio v = 0.3. The void is defined by an ellipse with a
center located at (36mm, 45mm). The principal axis are rotated with 15 anticlockwise. The largest and smallest
radii are defined by 8mm, 3mmm.
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Figure 2: The deflection versus the number of equations (degrees of freedom) for the meshes shown in Fig. 1.

The left side of the membrane is clamped and a force of 100N is applied uniformly to the left hand side. The
load is applied in ten steps. The vertical displacement of the upper right corner P and the lower right corner
Q are calculated. Therefore the heterogeneous structure is modeled by the quadtree meshing. The meshes with
four steps of refinement are shown in Fig.1. Fig.2 shows the deflection versus the number of equations. A nice
convergence with mesh refinement is observed. The deformed structure at F=100N is depicted in Fig.3.

Figure 3: Deformed configuration at F=100N.
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1. Introduction

Recently we have seen an expansion of research on mechanical metamaterials, where the geometry of highly
deformable structures is responsible for their unusual mechanical properties, such as negative Poisson’s ratio
[1], mechanical cloaking and tuneable phononic band gaps [2]. Understanding how such structures deform in
response to applied external stresses/loads is crucial for designing novel mechanical metamaterials. Here we
present a method for predicting deformations of 2D solid structures with holes and inclusions in the linear
response regime by employing analogies with electrostatics.

Just like external electric field induces polarization (dipoles, quadrupoles, etc.) of conductive objects,
external stress induces “elastic multipoles” inside holes. In structures with many holes, interactions between
induced elastic multipoles are responsible for complex deformation patterns observed in experiments and
finite element simulations. We demonstrate that our method can successfully predict deformation patterns in
periodic as well as aperiodic structures with holes and inclusions of varying sizes.

2. Elastic multipole method

The elastic multipole method employs analogies between electrostatics and 2D linear elasticity to predict
deformations in 2D elastic materials. Electrostatics problems can be formulated in terms of a scalar field,
electric potential, whose gradient is the electric field. Similarly, in 2D elasticity a scalar field, named Airy
stress function y, can be defined such that spatial derivatives are normal and shear stresses. From
mechanical equilibrium and compatibility conditions in 2D linear elasticity we obtain the governing equation
AAy =Yp, where Y is the 2D Young’s modulus and p is the elastic charge density. This equation is
similar to Gauss’s Law V°U =—p/¢ in electrostatics and just like in electrostatics, we can define point
charges/monopoles, dipoles and quadrupoles in 2D elasticity.

Cut out a wedge of
angle s and ,,glue” the

Figure 1: disclination defect (left) and a dislocation defect combining two opposite-sign disclinations.

When a wedge from a 2D elastic material is cut out and the two newly created boundaries of the remaining
portion are glued back together, a disclination defect is formed, Fig. 1. The Airy stress function for a
disclination defect (monopole), which is similar to a point charge in electrostatics, located at the origin of the
coordinate system is given by AAy = Ysd(X), which upon solving analytically gives:

P :;—;|f|2(1n|x|—1/2).

Here the magnitude of the elastic “charge” s corresponds to the angle of the removed wedge. Two opposite
disclinations that are adjacent to each other are referred to as dislocation/dipole, Fig. 1. The Airy stress
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function in this case is y, = —d -V X, - Similarly, the Airy stress function for a quadrupole can be derived.
The general solution to the equation AAy =0, except at the origin, in polar coordinates (7, @) is given by
an infinite series also known as the Michell solution [3]. All the elastic multipoles discussed above are
included in this solution along with higher order multipoles. Some of these multipoles have to be omitted
because their energy diverges with increasing size of the elastic material or they produce zero stress. The
only terms from the Michell solution that we therefore need to consider are:

y=A,Inr+ A4r " cosp+Cr ' sing + Zw:(Anr’" +B,r " )cosngo +i (Cnr’" +D,r )sin ne.

n=2 n=2
0o
_> 4_
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Figure 2: infinite sheet with a circular hole subjected to uniaxial stress.

As an example, we can look at the problem of an infinite 2D sheet with a circular hole of radius R at the
center, Fig. 2. When this sheet is subjected to an external stress (o0, ,, = —0,), the resultant Airy stress

function can be calculated analytically. From the expression given below in polar coordinates we can see that
the external stress induces two types of quadrupoles and a higher order multipole inside the hole:

2 2 2 4
o7 o,R N o
7=—"2—(1-cos2¢)+—"—Inr—-—"—cos2¢p + : —C0s 2¢.
v r
External stress Quadrupole P Quadrupole Q  Higher order multipole

When more than one hole/inclusion is present in the elastic material, the external stress induces elastic
multipoles in each hole, which then interact with each other. The strength of the elastic multipoles can be
obtained by satisfying the appropriate boundary conditions at the boundary of each hole.

Results calculated using the elastic multipole method and linear FEM for the case of a hole placed near the
edge of an infinite half-space, are presented below in Fig. 3. Finite element calculations were performed
using commercial Finite Element code Ansys.
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E =200 MPa,v=0.3
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Figure 3: hole placed near the edge of a half-space, FEM and elastic multipole results.
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Abstract

In the simulation of coupled high-rate solid and fluid mechanical processes, the Eulerian frame for
hydrodynamics has an advantage over the Lagrangian in that large deformations, fracture, fragmentation and
collision can be modeled without the disastrous degradations caused by mesh tangling. A major disadvantage
is the diffusion of material properties as material flows through the mesh. Related are the ambiguities in
material history caused by mixing materials with different properties or states, such as yield strength, damage
characterization, etc. in a computational cell. Finally, there is the disrepect of advection schemes for material
subtleties such as maintaining deviators on a yield surface. The reference mapping technique promises to
remedy all of these deficiencies by evolving the material reference coordinate system on the Eulerian mesh
by means of a simple advection equation. It was first described in 2009 by Kamrin and Nave [1] and in
successive publications by Kamrin and coworkers [2] to treat hyperelasticity and fluid-structure interactions.
Vitali and Benson [3] independently described it in 2012 to treat the diffusion of rapidly varying material
properties. Using it, material properties at a late-time grid point can be looked up on the reference grid,
where they can be evolved in the Lagrangian frame, and mapped back to the current grid. We will discuss the
details of an implementation in a typical Eulerian code. The effectiveness of the algorithm will be tested on
engineering examples.

Keywords
Eulerian Code, Shock waves, Numerical diffusion, Reference Map

Figure 1: Comparison of the von Mises equivalent stress oy in a Taylor Anvil test. On the left the result with
the reference map technique and on the right without the reference map. Observe the numerical diffusion
near the bottom in the non-reference map result.
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1. Introduction

The problems of optimal design of MEMS (Micro Electro Mechanical Systems) structure attract more and
more attention in the recent years. MEMS structures are mainly micro sensors and micro actuators, which are
commonly used in telecommunication, automotive, aviation or medical industry. Many of them combines
both measurements and actuation elements [3] [8]. Designer of such structures have to consider many
technical aspects and restrictions. Among the various types of microactuators, most commonly used are:
thermal, electrostatic and piezoelectric. For the first group as an material, polycrystalline silicon is used.
It utilizes the Joule heating effect, due to the high value of electrical resistance of the silicone. The most
commonly used in practice are: U-Beam microactuators (folded toggle) and VV-Beam microactuators (shevron
type). For such structures, deformation, maximum displacement, generated force or maximal value of
equivalent stresses strongly depend on its geometry. Optimal design of complex structures such as
microactuators, requires consideration of many criteria, which depends on the quantities like: the mass of the
system, the distribution of stress, the temperature, the displacement, the dynamic characteristics, etc.
In practice, this requires coupling of appropriate multi-criteria optimization methods and different numerical
simulation techniques. The problems of optimal design of thermal actuators have been considered by many
researches, e.g. [4] [5] [9]. In order to efficiently optimize such structures, proper optimization techniques
have to be applied, especially when more criteria have to be taken into account [1]. Optimization taking into
account one criterion with other criteria formulated as a restriction or weighting sum optimization method,
can be found in vast of papers. The present paper proposes methodology of multiobjective optimization of
thermal actuators which is more effective, when many criteria (more than three) are considered.

2. Multiobjective optimization algorithm

The metaphors of the game theory and immunology are used to solve the problems of multiobjective
optimization using IMGAMO (Immune Game Theory Multi-Objective Algorithm). Each player has its own
objective (a payoff function in the Nash equilibrium). The strategy for a particular player is the optimum
solution for this player's problem remembering that other players also play their best strategies. The solution
of the optimized problem consists of several parameters, each of which is assigned to one of the players.
Each player optimizes only its parameters (its strategy) taking the rest of them as constant. The rest of the
parameters are set by taking the best solutions from the other players. Solutions from all players should
establish the solution of the problem. Then all players use the immune algorithm to optimize their objectives.
IMGAMO algorithm was tested on several benchmark problems (ZDT and DTLZ problems). The results of
multiobjective optimization are compared to the results obtained by NSGA2 nad SPEA2 algorithms [2] [11].
The metrices of general distance (GD) and spread of the Pareto optimal solutions (S) are used for comparison
between algorithms. For the bi-objective optimization results obtained by IMGAMO and NSGA2 or SPEA2
algorithms are comparable, whereas for higher number of criteria (up to 7) IMGAMO gives significantly
better results. Details of the algorithm have been described in [6].
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3. Formulation of the problem

In order to simulate numerically electrothermal actuators, a coupled electrical, thermal, and mechanical
analysis has to be solved. Such problem is described by the appropriate partial differential equations.
The equations with arbitrary geometries and boundary conditions are solved by Finite Element Method [12].
This problem is weakly coupled and it requires solving electrical, thermal and mechanical analysis
separately. The coupling is carried out by transferring loads between the considered analyses and by means
of staggered procedures. FEM commercial software MSC Mentat/Marc is adapted to solve the coupled
boundary-value problem.

Shevron-type microactuator is modelled and optimized. Several design variables are responsible for the
shape of the beam. It concerns: shape of the beams (which are modelled by means of NURBS parametric
curves), pre-bending angle, radii of connection between beams and anchors or central shafts.

Five different functionals are defined. Such functionals are related to the: mass of the structure, equivalent
stress, maximum deflection of the actuator, total heat generated by the actuator and buckling safety factor.
Proposed approach allows to obtain a set of Pareto-optimal solutions as a result of a single optimization task
run. Visualization of such a set, for two or three criteria is not a major problem, it leads to the form of curves
or surfaces. Performing optimization task for larger number of criteria entails necessity of proper
visualization of the results. One of the more popular methods is the projection of each pair of criteria and
present them in the form of a matrix (Scater-plot matrix). For the large number of criteria this method of
visualization can be ineffective. In present paper more convenient way to visualize the results of the
optimization is the used - Self-Organizing Maps (SOM) [10]. This concept is based on Kohonen neural
networks [6].These networks can also be used to visualize the vector of design variables for optimal
solutions.

Acknownledegement The research is partially financed by research project no. 10/040/BK_18/0066

4. References

[1] Bui L., Alam S., Multi-objective Optimization in Computational Inteligence: Theory and Practice, Information
Science Reference I1GI Global, 2008

[2] Deb K., Pratap A., Agarwal S., Meyarivan T., A fast and elitist multiobjective genetic algorithm: NSGA-II, IEEE
Transactions on Evolutionary Computation, vol. 26, Issue 2, pp. 182-197, 2002.

[3] Gad-el-Hak M., The MEMS Handbook, CRC Press LLC, 2002.

[4] Henneken V., Tichem M and Sarro P., Improved thermal U-beam actuators for micro-assembly, Sensors and
Actuators, vol. 142, pp. 298-305, 2008.

[5] Jain N and Sharma A., K. S. Design and simulation of bidirectional in-plane chevron beam microtweezer.
International Journal of Emerging Technologies in Computational and Applied Sciences, 43-49, 2012.

[6] Jarosz, P. and Burczynski T. (2011).Artificial immune system based on clonal selection and game theory
priniciples for multiobjective optimization. Lecture Notes in Computer Science, 321-333.

[71 Kohonen T., Self-organized formation of topologically correct feature maps, Biological Cybernetics, vol. 43 (1),
pp. 59-69, 1982.

[8] Maluf N., Williams K.: An Introduction to Microelectromechanical Systems Engineering, Artech House
Publishers, London - Boston, 2004.

[9] Sigmund O., Design of multiphysics actuators using topology optimization, Comput. Methods Appl. Mech. Eng.,
190, 6577-6604 ,2001.

[10] Takatsuka M., An application of the self-organizing maps and interactive 3-D visualization to geospatial data,
Proc. in 6-th International Conference on GeoComputation, 2001.

[11] zitzler E., Laumanns M., Thiele L., SPEA2: Improving the Strength Pareto Evolutionary Algorithm. Technical
report 103, Computer Engineering and Networks Laboratory (TIK), ETH Zurich, Switzerland 2001.

[12] Zienkiewicz, O.C. and Taylor, R.L., The Finite Element Method, Vol. 1-3, Butterworth-Heinemann, Oxford, 2000.

157



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

APPLICATION OF EVOLUTIONARY ALGORITHMS IN IDENTIFICATION
OF THERMAL PROPERTIES OF HARDENING CONCERTE

A. Dlugosz®, 1. Pokorska?, M.A. Glinicki®, R. Jaskulski

! Faculty Mechanical Engineering , Silesian University of Technology, Gliwice, Poland
2 Faculty of Civil Engineering, Czestochowa University of Technology, Czestochowa, Poland
3Institute of Fundamental Technological Research Polish Academy of Sciences, Warsaw, Poland
* Faculty of Civil Engineering, Mechanics and Petrochemistry, Plock, Poland

e-mail: iwona.pokorska.pcz@gmail.com

1. Introduction

The proper determination of the thermal properties of hardening concrete plays a key role in the building the
correct models of concrete structures. High temperature gradients associated with the exothermic chemical
reactions of cement hydration may occur between the interior and the surface at the early age of concrete,
when its strength is low. Cracks occur, when temperature gradients cause tensile stresses, which exceed the
tensile strength of the young concrete. Thermal distortions have greater influence on stresses especially for
massive structures [6].

Thermal characteristics of concretes described by: thermal conductivity, specific heat and heat of cement
hydration, are evolving during hardening and depend on the maturity of concrete. Such parameters in
practice can be determined by means of different experimental measurements, hot plate apparatus and
several transient dynamic techniques. Thermal characteristics, identified in the paper, are performed on the
basis of temperature measurements only [4,5].

In the paper [3] model of the hardened concrete sample specimen was considered as 2D. In present work axis
symmetrical model is considered. The hardening of the concrete specimen is the long time process (up to 90
hours), so additionally, the heat losses have to be introduced in the model. In present paper appropriate the
boundary conditions is introduced in the numerical model. The identification of the thermal properties is
based on temperature measurements in the sensor points, which are located at the central axis of the
thermally-isolated cylindrical mould. In order to solve identification task, an in-house implementation of the
evolutionary algorithms (EAS) is used. EAs, as the global optimization technique for searching parameters,
which describe thermal properties of hardening concrete are applied. Comparing to the use of conventional
optimization methods, superiority of EAs manifest in many aspects, e.g. fitness function has not to be
continuous, information about objective function gradient is not necessary, choice of the starting point may
not influence the convergence of the method, regularization methods in no needed [1,2,3]

2. Formulation of the identification problem

From the mathematical point of view, the identification problem is expressed as the minimization of the
functional. Following functional has been defined and implemented:

. n m n 2
® min (0= 3"(, (-7, ()
i=1 i=1
where: n is a number of sensors, m is a number of time intervals, T; and TIJ represent computed and

measured temperature values in particular point in time and space, respectively, x is a vector of design
variables.

Measured values of the temperature (T;; ) has been taken from real experiment during the proces of hardening
concrete specimen, while computed values ('I:ij ) has been simulated numerically.

The vector of design variables x contains parameters, which define heat of hydration, specific heat and
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thermal conductivity. The identification problem is solved by finding the vector of design variables x, by
minimizing the functional (1). In-house implementation of EA, with the floating point gene representation is
used (Fig. 1).
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.

Reproduction "—

!

‘ Evolutionary operators

I

Succession ‘

I

Evaluation of fitness function

FINISH

Figure 1: The flow chart of the applied Evolutionary Algorithm

In order to calculate temperature in time and space, unsteady heat conduction equation, including proper
definition of internal heat sources is solved. Numerical model of the hardening concrete specimen was prepared
and solved by means of the finite element method (FEM) [7].

The differentia equation of transient heat conduction problem in hardening concrete has following form:

%} oT %} orT o oT or

where: T - temperature of concrete [-c], k - thermal conductivity, [W/mK], XY, Z- spatial coordinates,
g- internal heat source [W/mﬂ, t- time [s], ,o— density of concrete |:kg/m3:|, C, - specific heat of
concrete [J/kg K].

Proposed identification algorithm was tested on an benchmark example, before it was used to identify

thermophysical parameters on the basis of real experimental data. The identification tasks are performed for
experimental data for different concrete mixtures.
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1. Extended Abstract

A FE procedure to simulate a multibody system consisting of a main body and sliding small components is
proposed. The procedure is suitable for control purposes since it allows imposing explicitly any relative
motion of each component as input to obtain the response of the main body as output. In particular,
attenuation effects in a vibrating main body can be generated by precisely synchronizing the current body
configuration with relative motion of one or more of its components. Such effects are possible to obtain
because the dynamic interaction between the main body and the sliding component triggers the Coriolis type
forces that are generally capable of producing either attenuation or amplification in different phases of a cycle
of the vibrating main body.

By maximizing these forces during attenuation phase and minimizing during amplification phase the
reduction of the system's vibration in each cycle can be achieved [1]. It should be noted that handling such a
task by the 'standard’ FE approach (as used, for example, in vehicle-bridge or vehicle-rail tract simulations
and involving typically only constant not controlled relative velocities) would be challenging mainly due to
complexity of the geometrical constraints to be imposed between the sliding components and the main body.

In our procedure each component is forced to slide with an assumed s(¢) along a prescribed path (AB in
Figure 1a) modeled by the beam elements (that represents a guiding beam, which can be real or fictitious)
attached at nodes (see Figure 1b) to the main body meshed by any elements appropriate to simulating its
vibrations. This way the sliding component interacts with the main body via the guiding beam in which only
one currently traversed element (referred to as the composite element) is affected by the relative motion.

W \ c
c) \‘.b"____\-—pf
1
— s\ ™
;
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\\ pj
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Figure 1: The vibrating system (a) the guiding beam (b), and the composite element (c)

This element has a time-dependent mass matrix, M, (¢) and, as it was shown in [2], the Coriolis forces

generated in it can be explicitly identified in terms of the component's current position and velocity, which
in turn permits relating directly these forces to assumed trajectories of the components and selecting the
one resulting in 'best’ attenuation. This is possible because the element equation for the composite element
is derived in the following forms (in order to concentrate on the active attenuation any passive damping is
omitted):
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(1a,b) M, (i, +C,ia, +Ku =F,  or M, ()i, +K,u, =F, —f°

. 0 . .
< :msa—(NTN) represent the Coriolis effects and can be treated as an 'instantaneous'
s

damping matrix (where N=N(s(¢)) are the values of the beam's shape functions matrix at the current mass
location). The term f; =C_u, defines the 'Coriolis' force vector due to the relative motion (consisting of

where C, =

forces p¢ and moments ¢ as indicated in Figure 1c) that is assigned to the end nodes of the element. As can

be seen the matrix C, and vector f; depend explicitly on the current relative velocity s of the mass and

implicitly on its current position between the nodes of the element (the position is hidden in functions N).

The first form, eq. (1a), indicates how the relative motion relates to periods of attenuation (Cf >0,if §>0)
and to periods of amplification (C” <0 if §<0), while the second form, eq. (1b), is more suitable for the
practical simulation due to the fact that all the LHS terms can be routinely handled by typical FE software (in
our case by ANSYS), while the values of f; on the RHS can be easily calculated and added to forces at each
time step of the integration procedure. The system's attenuation is achieved by controlling forces f; (via
properly choosing s(¢)) that are to be maximized in the periods of attenuation and minimized in the periods of

amplification.

The corresponding control schemes for the components' motion resulting in attenuation (active) of the main
body will be presented. In fact these schemes generate 'inverse' self-excited vibrations that can be
characterized by a positive damping coefficient. As illustration the test case of using relative motion of two
small masses to attenuate vibrations of a frame is presented in Figure 2. For this particular case an effective
active damping ratio of about 2.7% was obtained.
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Figure 2: The response of vibrating frame controlled by motion of two masses.

The implementation and accuracy of the procedure, which may be particularly useful in providing a
unique means for active reduction of vibrations in the systems for which internal/external passive damping
is almost absent or not available, will be discussed in details.
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1. Introduction

There are many materials having different properties and behaviors which are characterized in solid mechanics
by constitutive models. These constitutive models have material parameters, which have to be calibrated to
experiemental data in order to predict the material behavior within the range of application. This calibration is
called material parameter identification or briefly parameter identification, see [2, 4].

Depending on the homogeneity of the deformation, the procedure of material parameter identification varies. If
the deformation is inhomogeneous, the entire boundary-value problem need to be solved, commonly by using
finite element method. The material parameter identification for inelastic materials using finite elements were
discussed in [1, 5, 6]. In order to identify the material parameters, the sensitivities of the parameter needs to be
calculated. The most common method to calculate these sensitivites is by using external numerical differentia-
tion, see, for the terminology, [7]. However, for a constitutive model with inhomogeneous deformation having
large number of parameters, the computational cost is high. In order to circumvent this issue, internal numerical
differentiation is performed which reduces the computational time by a considerable amount.

In this presentation, initially the underlying problem is explained. This is followed by a brief description of the
internal and external differentiation procedures. A couple of examples showing the difference between external
and internal numerical differentiation is also provided to round off the presentation.

2. Problem statement

The most commonly used basis for parameter identification process is the least-square problem. The simulated
results, § € R"™ (n¢ is the number of simulated data), from the finite-element program are compared with
the experimental data, d € R"a (n§ is the number of experimental data from one or more experiments). The
residual vector, F(k) = W, {s(k) — d}, describes the difference between the experimental and the simulated
data. In order to consider the different order of physical values (forces, displacements), weighting matrices,
[W;], are introduced. The so-called objective function, f(k) = %?Ti‘, is then minimized in a least-square sense
using methods outlined in [3]. A trust-region reflective algorithm, provided in Matlab routine 1sgnonlin.m
is used to solve the problem. A necessary condition for a minimum at kK = k* requires the derivative to be zero

_ 47

_dh‘,R:

(D F(x") =D"(x") {s(k*) —d} =0,

K*
with D(k) := di(k)/dk = ds(k)/dk, De R™ ™= D(k) represent the sensitivites and are calculated either
by external differentiation or internal differentiation.

3. External Numerical Differentiation

It is more common to apply external differentiation schemes to approximate the sensitivites. Here, the entire
finite element program has to be run (n, + 1)-times, for each iteration of the least-square solver. For each itera-
tion, the material parameters are perturbed in order to obtain the sensitivites using a forward difference scheme.
Therefore, the computational cost to calculate the sensitivities using external numerical differentiation is very
high when the number of parameters to be identified are high. The details will be shown in the presentation.
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4. Internal Numerical Differentiation

In the case of internal numerical differentiation, the entire time integration step is assumed to be dependent
on the parameters k. The sensitivities are calculated based on Multilevel-Newton algorithm and are provided
from the finite element program itself. These calculated sensitivities are then provided to the Matlab routine
lsgnonlin.m to identify the material parameters. Since the sensivities are calculated internally using Ace-
gen, the entire finite element program has to be run only once per iteration of the least-square solver. This
reduces the computational cost considerably. However, there are storage requirements that need to be fulfilled.
More details will be outlined in the presentation.

5. Examples

Examples showing the difference between external and internal differentiation will also be shown in the pre-
sentation. A particular focus lies on the storage requirements and the computational costs, where use is made
of both models of hyperelasticity and models with internal variables.
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Present work deals with numerical modeling of the material which contain the joint made by using the friction
stir welding (FSW) technology. The consider material has a heterogeneous microstructure which determined
its global response to the applied load. The thermodynamically consistent elastic-plastic model was introduced,
additionally took the approach that assuming the construction of the joint as a composite material. Local me-
chanical properties were estimated based on numerical simulation determining the size of grains in the material,
which are dependent on the temperature field accompanying the FSW process. The simulation results were then
verified by comparing the results obtained experimentally.

1. Introduction

The FSW joint is characterized by a specific heterogeneous microstructure that affects directly on the mechani-
cal properties of the weld [9]. Knowledge of the local constitutive relationships of individual weld zones allows
to predicting its global response during loading based on the implementation of the appropriate numerical model
for the MES software [3]. The omission of information about inhomogeneity of mechanical properties may be
the cause of large discrepancies in numerical and experimental results [8]. However, the global behaviour of
the material is not only determined by the mechanical properties of the weakest zone in the joint but also a
combination of interactions of individual zones, their size, properties and geometry [9]. In order to understand
these relationships, numerous simulations of the temperature distribution in the welding area and simulations
of material flow around the tool are carried out, then these data are verified by experimental tests [9].

2. Experiments

Detailed results of the tensile tests of solid samples and
a sample with an FSW joint were presented in the pa- 200+

per [5]. The base material was copper Cu-ETP in the §

state of R220 in the form of a sheet with a thickness of 5 o100}

mm. Based on the received tensile curves (Fig. 1) it can

be concluded that the sample with FSW joint is charac- 0 ‘ ~Cu-ETP-FSW-60] ‘

terized by a lower yield strength oy by approximately 0 005 01 0.15 02 025 03

60% and lower maximal strength o, by approximately ¢[mm/mm]

15% in compare to the base material. Fig. 1 Comparison of the tensile curves of a base

material and a sample with an FSW joint [5].

3. Basic assumptions and equations

In this paper, in order to identify the local constitutive behaviour of individual joint zones, a 2-D simulation
of the temperature distribution in the material which accompanies the process of FSW was carry out. This
simulation, however, does not take into account plastic deformation, which is the second component of total
thermal energy that is generated during the process [4]. The numerical model uses a non-stationary Fourier
equation

(1) )\(9,7’7’ + (9’71/7“ + 9,22) +qy = ,OCv9
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To determine the dependence of the yield strength on the grain size in the material, the description proposed
by Hall and Petch is often used. However, in the case of nanostructures, this description is not very precise, the
real values of oy are lower than it results from the H-P relationship. Therefore, another description was used
to the limit of the beginning of plasticity, which was presented in the paper [2]. However, it does not have a

physical explanation

) oy = 104.9 4+ 111.8 exp (d/10.3) + 54.9 exp (d/135.6) + 235.6 exp (d/0.13)

The constitutive model used in the paper was presented by Ottosen and Ristinmaa [6] and is based on the
following assumptions: (1) elastic-plastic-damage material is considered, (2) small strains are assumed.

4. Numerical results

First simulation concern on the temperature dis-
tribution in the workpiece. Because this physical
magnitude directly affects the value of the yield
strength, it is also possible to observe its gradi-
ent within the welding area. Also when consider-
ing individual zones of joints, we must remember
about their inhomogeneities (Fig. 2). The overall
stress of the entire system was presented as the
sum of stresses from individual joint zones us-
ing the composite material approach. The Reuss
method was adopted as the mixing rule. In order
to implement a constitutive model taking into ac-
count the local impact of individual joint zones
on the global behaviour of the sample. A numeri-
cal predictor-corrector algorithm was adopted us-
ing the "return mapping" procedure [1]. Integra-
tion of the Euler backward type and the tangen-
tial matrix method called the Newton-Raphson
method was used in this algorithm [7].
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Fig. 2 The temperature field accompanying the FSW pro-
cess on the cross section of the joint (1/2 of the sample)
and its effect on yield strength of the copper.
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1. Introduction

Thin metal film subjected to the ultra-short laser pulse is considered. Mathematical description of the process
discussed is based on the system of four equations. Two of them describe the electrons and lattice
temperature, while third and fourth equations represent the generalized Fourier law, it means the
dependences between the electrons (lattice) heat flux and electrons (lattice) temperature gradient. Depending
on the order of the generalized Fourier law expansion into the Taylor series, the first- and the second-order
model can be obtained. In contrast to the commonly used first-order model, here the second-order two-
temperature model is considered. The problem is solved using the explicit scheme of the finite difference
method. The example of computations is also presented.

2. Governing equations

The two-temperature model describes the temporal and spatial evolution of the lattice and electrons
temperatures (T, and T,) in the irradiated metal by two coupled nonlinear differential equations [1, 2] (1D
problem)

1) C.(Te)
and

) GM)

0T, (X, 1) __aqe(x, t)
ot OX

—G(Te)[Te(x, t)-T,(x, t)]+Q(x, t)

OT, (x, t Pl t
|(§>t< ) q|a(§ ) G (% )T, (x, )]

where T. (X, t), T; (x, t) are the temperatures of electrons and lattice, respectively, C¢(Te), C(T)) are the
volumetric specific heats, G(T.) is the electron-phonon coupling factor which characterizes the energy
exchange between electrons and phonons [3], Q(X, t) the source function associated with the irradiation.

In a place of the classical Fourier law the following formulas are introduced

3) 0 (X, t"'Te):—?»e(Te,Tl)aTe(X’ t)
and
(4) 6 (% t41,) = (1) 21 ;x, t)

X

where A¢(Te, T)), M(T)) are the thermal conductivities of electrons and lattice, respectively, t. is the relaxation
time of free electrons in metals, 1, is the relaxation time in phonon collisions.
Using the second order Taylor expansion, the equations (3) and (4) can be written in the form

G, (x, 1) 2 0% Q. (X, 1) OT, (X, t)
5 X, t . g _€ e :_ke e’T e
( ) qe( )+T at + 2 atz G- I) ax
and

g, (x, 1) 1% 6%q(x 1) oT, (X, 1)
(6) q, (% t) +1 Iat "'?I 8It2 =_7h|(T|)I8—X
The source function Q(x, t) is associated with the laser irradiation [3]

B1-R x (t-2t,)?

7 X t)=,- —— I, exp| ~——B————
() Q()\/;tpf)opl:f)ﬁt;
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where | is the laser intensity, t, is the characteristic time of laser pulse, & is the optical penetration depth, R is
the reflectivity of the irradiated surface and § = 4In2.

For x = 0 and x = L the non-flux conditions are assumed. The initial condition T (x, 0) = T, (x, 0)=T, is also
known.

3. Example of computations

The problem formulated is solved using the finite difference method with staggared grid (Figure 1). As an
example of computations, the thin metal films of thickness 100 nm made of gold and copper are considered.
The values of thermophysical parameters are taken from [1-4]. The laser parameters are the following: I, =10
JIm* and t, =0.1 ps. In Figure 1 the electrons and lattice temperature histories at the irradiated surface are
presented.

temperature nodes [ i ]
02 4 6

1 357
heat flux nodes [ j ]

Fig. 1. Discretization
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Fig. 1. Temperature history on the irradiated surface for Au and Cu: a) electrons, b) lattice

4. Conclusions

The second-order two-temperature model is considered. The comparison of the results obtained using the
first- and second-order models will be shown in the full version of the paper. On this basis, the conclusions
will be formulated, in particular for which laser parameters the first-order model is sufficient, and when the
higher-order model should be used.
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1. Introduction

In this paper the validation of the Method of Fundamental Solutions (MFS) with the use of infrared
thermovision images are presented. MFS is a meshless method that stands out with the simplicity of
implementation. What is more, the preparation of data for calculations is not as time-consuming as in other
numerical methods. This method allows to select parameters in a way that enables to obtain a solution with
satisfactory, assumed and defined accuracy. The results are received in the form of continuous functions,
which enables numerical analysis, e.g. determination of stresses and strains based on temperature change [4].
For the analysed object the results of the numerical method (obtained temperature fields) will be validated
using thermovision temperature measurement. Infrared thermography is a very convenient method thanks to
its main advantages, such as: simplicity and non-invasiveness. Thanks to these features tests using thermal
imaging cameras are applicable in almost every field [1, 3, 6].

2. Measurement equipment and description of the test object

The Method of Fundamental Solutions is used to solve the boundary problem with the heat transfer equations
for the window (barrier consisting of three layers with constant thermal conductivity coefficients of each
layer). In this case the inverse problem is analysed, it means that the temperature is determined on the edge
of the considered area. The obtained results are compared to the thermogram taken with the thermal imaging
camera Testo thermal imager 875i with the following features: detector 160x120 pixels, resolution
technology SuperResolution - up to 320x240 pixels, thermal sensitivity of <50 mK.

Fig. 1: Test object - corner window Fig. 2: Test object - corner window
(the inside of the window) (the outside of the window)
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Below, a temperature distribution (Figure 3) on the one side of the outside of the window with the outdoor
temperature of 11° C is presented.

26,0°C
— 26,0

— 259
- 258
— 257

256
— 25,5

- 254

253°C

Fig. 3: Test object - corner window
(the teperature distribution on the outside of the window)

The above temperature distribution is a comparative model for the obtained results of computer simulation
using MFS.
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1. Introduction

Elastic-plastic torsion of a bar is an important engineering problem, still discussed in literature. Special class
of the bars is under considerations, i.e. we will consider prismatic bars and profiles with open cross-section.
Moreover, it is assumed that the bars are made with functionally graded materials.

Twisting of prismatic bars made with homogeneous and isotropic materials have been undertaken by many
authors [5; 10; 9; 11]. In the last time, the case of inhomogeneous and/or anisotropic material is more often
discussed in literature [2; 3; 12]. It is related to the research of functionally graded materials (FGMs),
designed for special engineering applications including aircraft,

aerospace, automobile industry and medicine. Functionally graded materials are characterized by the
continuous changes of their properties at least in one direction and this feature distinguishes them from the
conventional composite materials [8]. In fact the concept of FGMs is inspired with materials occurring in
nature, such as: bones, skin and bamboo [4]. These materials have functionally graded and hierarchical
structure and they also have different architecture that results in orthortropic behaviour [1].

In this work the elastic-plastic torsion problem of bars made with FGMs is investigated. In the recent years a
number of numerical methods of solving this problem have been developed and improved. It is a more
complex issue than problem of elastic bar torsion and proposed numerical methods use different approaches.

2. Model of phenomenum

This is a boundary value problem, described by partial differential equation of second order with variable
coefficients and appropriate boundary conditions. The problem is formulated for the Prandtl’s stress
function. Generally, when the shear flexibility modulus is an arbitrary function of cross-sectional
coordinates, the analytical solution is not available.

We consider a functionally graded bar of an arbitrary and uniform cross-section. The axis Oz is parallel to
the longitudinal axis of the bar and the bar is twisted by two couples of forces acting on its ends. It is
assumed that there are no body forces and the bar is free from external forces on its lateral surface. There are
no normal stresses on the frontal cross-section.

In case of functionally graded material characteristic G in the torsion equation is a shear modulus in all
direction axis on the plane whose is normal in direction Z. The G is a function of geometrical variables, i.e.
G(x,y). It is assumed that the G(x,y) is the continuous and differentiable function depending on geometrical
coordinates x and y.

The problem is formulated in terms of the Prandtl’s stress function and it is described by the equation [7],
which is Poisson-like equation. The equation consists of Laplace operator of Prandtl's stress function. In the
elastic state the inhomogeneous part of equation is equal to -2. For plastic state the governing equation
consists of Laplace operator and another additional non-linear differential operator of the Prandtl's function.
For the formulation the boundary condition has to described. The boundary condition says that the Prandtl's
function is equal to zero on the whole boundary.
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The stresses are defined as proper partial derivatives of Prandtl's stress function.

The state of each point of considered cross-section of the bar is estimated by von Misses (Huber) hipothesis,
using the stresses given by Prandtl's function.

Moreover, the hardening of the material is takes into account. The hardening phenomenum is described by
nonlinear analytical function.

3. Meshless methods

The proposal of this paper is to solve problem of elastic-plastic torsion of bar made with FGM using
numerical procedure based on one of the meshless methods. The used method is the Fundamental Solution
Method (see [6]) supported by approximation by Radial Basis Function. Moreover, the iterative algorithm is
applied to tread nonlinearities of the differential equation.

The results of numerical calculation are presented in the paper. The parameters of proposed numerical
algorithm are chosen by experiment.

The postprocessing analysis is made, i. e. the stresses and effective plastic stress, effective strain, material
flow are calculated and plotted.

The influence of material characteristics and parameters on the torsion, range of plastic deformations are
investigated and discussed.
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1. Introduction

A frequent source of anisotropy of elastic materials is the presence of reinforcing fibres which display strong
stiffening properties accompanying their stretching. This phenomenon appears as near inextensibility and it
is in some way similar to near incompressibility which is observed for the ruber-like materials. Numerical
modeling of a nearly inextensible material by the Finite Element Method (FEM) may cause similar difficulties
as approximation of a nearly incompressible solid body: unstable or oscilatory solutions. The remedy for
incompressible mechanics is the well known splitting of the description of kinematics into the volumetric part
(dilatation) € and the unimodular deformation gradient. The mixed formulation with adequate approximation
in the QP and PP~! finite element spaces for the displacements w and the auxiliary variables § and pressure p,
respectively, allows one for effective modeling of the nearly incompressible solid [1]. In this work we propose
analogous approach to approximation of elastic materials with two fibres reinforcement. One fibre case was
studied in [2].

2. Description of kinematics and stresses

In this section we briefly present the main principles of constructing the mixed formulation for the materials
reinforced with two families of fibres. We assume that the two preferred directions of reinforcement are given
by two distinct fields of unit vectors G4, A = 1,2 in the reference configuration. We augment them with the
third direction G5 := G1 X G2/|G1 % Ga|. We consider G 4 a basis of the curvilinear system of coordinates
corresponding to some parametrization X = X (fA), A=1,2,3ie. G4y = 0X/ &4, We consider also the
basis G of the adjoint space (of linear functionals) which is dual to G 4: (QA, Gp) = 5]@. We use convective
spatial coordinates, i.e. the spatial basis vectors are generated by the parametrization x = x((%), g, = 0x/0C*
for wich ¢ = &. It is known that the deformation gradient F, its adjoint F** and their inverses F~! and FF~*
take the form:

2.1 F =649,0G" F'=§'Gaog", F*=0,G" g, F*=05g"®Ga,

where g denotes the adjoint basis dual to g,,, i.e. satisfying the condition (g¢, g,) = ;. We also introduce the
material and spatial metric tensors:

(2.2) G=GipG"®GP and g=gu4g°®g"

where Gap := G4 - Gp and gqp = g, - g3- The right Cauchy-Green deformation tensor takes the form:
(2.3) C =F'gF, C=040}90 G"®G".

We also introduce the structural tensors corresponding to the preferred directions of fibres:

24 Ar =Gr®Gp (nosum), F=1,2.
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The stretches Ar of the directions G and the cosines between their images g can be found as follows:
(2.5) Ar = (C, A2 apc =gp-ga/(Aric).

We express the Cauchy-Green deformation tensor in terms of these new variables applying the extra substitution
Ar(C) = Ap, F = 1,2 reflecting the anticipated procedure of separate numerical approximation of stretches
along fibres:

SR - % 0412}\15\2 a13§\1)\3
(26) C = C(C7 )\1, )\2) = ° )\% (X23)\2)\3 QA ® QB.

° ° N3 AB

With these notions in mind we propose the ansatz for the strain energy function ¥ = W (C; Ay, As) in the form
taking into account that C' is expressed by the dependent on deformation tensor C' and separately approximated
stretches A p:

2.7) U(C, A1, \2; Ap, As) = U(C; Ay, Ay).

Selecting separate approximation of stretches Ap suggests assuming the following augmented strain energy
ansatz with the Lagrange multipliers 5" corresponding to the constraints A\ = A\p(C), F=1,2:

(2.8) U =T(C, 1, \p; A1, Ag) — S5 5 [Ar — Ap(C)).

The assumptions above and the Clausius-Plank inequality lead to the following constitutive equations for the
2nd Piola-Kirchhoff stress:

S =335 _ "\ AR+ S,

28—? , with P :=
oC

(2.9) S=pP

ac|’
ac |
5 — 0w )93y,

The mixed formulation for (u, p*, A r) involves the principle of virtual work (expressing equilibrium), the
identification \r = Ar(C) and the constitutive relation for 5, and it takes the form: find (u, ', A\p) €
(V 4+ ug) x Q* such that:

/(DuE(u)[éu],S>dV:/<G5u,B>dV+/ (Géu,P)dA,
Q Q I'n

(2.10) / S {Ar(C) = Ap}dV =0,
9]

/ SAR{OU /ONp — pF }dV =0,
Q

for all du € V,0Ap, 65" € Q,V ={v e H'(Q) : v =0, on'p},Q = L*(R). In (2.10) B denotes the
volume forces, P and ug are the Neumann and Dirichlet data on I'y and I'p. In addition E = %(C -1
and D, E(u)[6u] = 3(F*Vu + V*6uF). The FE approximation of (2.10) results in a system of nonlinear
equations which is solved using the Newton-Raphson algorithm applied to linearization of (2.10).

Numerical tests confirm effectivity of the proposed formulation for strongly anisotropic materials.
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1. General

Although the Finite Volume Method (FVM) is a common numerical technique in the computational fluid
dynamics, in the last two decades investigations and development of FVM have shown that the FVM can be
a promising candidate for solid mechanics analysis. In FVM, the computational domain is discretized into a
number of sub-domains, known as finite volumes, control volumes (CVs) or cells. Each sub-domain or
control volume contains one computational point which is located in the control volume domain. The
governing partial differential equation is forced to be satisfied corresponding to each CV in the integral sense
over each finite volume. However, the distinctive feature of FVM is using boundary integral instead of

domain integral for satisfying the governing partial differential equation.

According to the recent developments of the FVM, two main categories of FVM exist: mesh based FVM and
Mesh-free Finite Volume (MFV) which are explained as follows. Depending on how the control volumes are
generated, the mesh based FVM is divided in two groups: cell vertex and cell centred finite volume
approaches. In the Cell Vertex Finite Volume (CV-FV), the domain is discretized by a mesh of isoparametric
elements. Then, the sub-control volumes are constructed in the finite element mesh by connecting the
element’s centres to the midpoint of the element faces. Combining all the subcontrol volumes having
common grid point, creates a polyhedra type cell that surrounds the common node of the subcontrol
volumes. These cells are called as Control Volumes (CV). Figure 1 shows a two dimensional mesh consisting
of triangular and quadrilateral elements with associated constructed control volume. In CV-FV, the grid point
located in each CV is considered as the computational point where the unkown variables are associated with.
The main feature of the CV-FV is that the unknown variables are approximated on faces of cells using the
shape functions of the background isoparametric elements [1]. In the cell centred finite volume (CC-FV), a
mesh of elements are used for the discretization of the domain and the unknown variables are associated with
the computational points which are coincided on the centres of the elements. Different from the CV-FV,
unknown variables and their derivatives are approximated based on the finite difference utilization [2].
Therefore, the accuracy of the CC-FV is independent of the order of the background elements mesh.
Recently the finite volume capability has been enhanced by developing mesh-free finite volume methods
where two mesh-free finite volume approaches are proposed. In both of the MFV approaches, a set of nodes
with arbitrary numbers and places are distributed in the domain. In the first approach, non-overlapping CVs
are formed around the filed nodes by applying Delaunay triangulation scheme or Voronoi tessellation
method. In Delaunay triangulation, similar to the CV-FV scheme the subcontrol volumes are constructed in

each triangle by connecting the triangle centre to the midpoint of the triangle faces. Combining all the
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subcontrol volumes having common domain node, creates a polyhedra type cell that surrounds that domain
node. These cells are called as control volumes (CV) which are non-overlapped. It should be emphasized that
the field vaiables and their derivatives on cell faces are approximated by applying MLS technique which is
independent of the background triangles geometry but depends to the node distribution [4,5]. It is clear that
the distribution of nodes can be wisely performed according to the analyst’s interest and based on the
behavior of the unknown variable in the field domain. In the Voronoy approach, the nonoverlapping CVs are
formed around the field nodes by using the Voronoi diagram technique. Again the field variables and their
derivatives on cell faces are approximated by applying the MLS technique [5]. In the second type of MFV,
overlapping CVs are formed around the field nodes and techniges like MLS is used for the approximation of
the field variables and their derivatives on cell faces. This type of construction of CVs provides a truly
meshless formulation of FV which is also named as MLPG5 by Atluri and Shen [6]. This paper discusses the

recent advancement achieved in the development of finite volume method.

Element

Control volume

Control volume face ~ / “\g--------"~ 4 Face centre

Element

Figure 1. Construction of CVs in CV-FV method. ~ Figure 2. Delaunay triangulation around the
distributed nodes and forming CVs.

[ P
e .
=i
Figure 3. Wisely node distribution in meshless Figure 4. Overlapping CVs in meshless
finite volume method. finite volume method.
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Introduction

The goal of this work is to develop an efficient scalable solver for the Stokes problem with a strongly discon-
tinuous viscosity:

ey

(uVu, Vo) + (p, Vo) =(g9,¢0) VoeV
(q, Vo) =0 VgeQ

in domain €2. The domain {2 is partitioned into subdomains €2y and 2o, the coefficient u is strongly variable
and subdomain-wise constant.

The main application of the presented solver are fluid-structure problems [5], where due to large difference
of properties between fluid and solid, the apparent viscosity may vary by several orders of magnitude. Other
important applications are simulation of viscoplastic fluids flows or composite materials in incompressible
elasticy. Also mantle convection problems involve fluid models where viscosity may change by several orders
of magnitude [3].

For the standard Stokes problem, there exist efficient linear solvers that also may work on high performance
computers. The most popular are Krylov subspace methods combined with block preconditioners [4]. The idea
behind block methods comes from dual decomposition of system matrix. It allows one to split the main problem
into smaller ones. The sub-problems are easy to solve with well-known techniques such as multigrid or domain
decomposition.

However, for the variable viscosity Stokes problem the resulting sub-problems are challenging. Especially, it is
non-trivial to obtain the operator spectrally equivalent to the (1,1) block that could be inverted easily. The main
problem is the dominating grad-div term.

Here we consider multigrid methods for saddle-point problems. The idea is to consider Stokes problem as a
symmetric positive-definite problem in divergence-free subspace [1,2]. Then, the constrained smoother may
be constructed and used in the multigrid V-cycle. The constrained smoother requires computing projection
od divergence-free subspace that is computationally demanding. This can be avioded by using approximate
projection [7].

For the Laplace problem with discontinuous coefficient, the Krylov subspace solvers with multilevel precondi-
tioners are robust with respect to the problem size and coefficient jump [6]. One may expect similar performance
of GMRes method preconditioned by the constrained multigrid cycle.

The described method is here tested by numerical experiments. The results show uniform covergence with
respect to both mesh size and coefficient jump.

Results

Numerical experiments were perfomed to study covergence of presented methods. Geometrical settings is
showed on Figure 1. The viscosity on inner square was set to 10, on the outer ring viscosity was set to 1.
The density p = 1 on the whole domain. Grids were uniformly refined and used for the test. The iteretive
procedure was stopped after reducing residual by 1075,

Table 1. demostrates the obtained number of iterations. For structured and-semi structured grids, the number
of iterations remains constant in all tests. The number of iterations in also comparable the constant coefficient
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Figure 1: Benchmark problem with coarse grids used for testing the presented algorithm. The inner square is
marked in darker grey. From left to right: structured grid, semi-structured grid and unstructured grid.

case. For the ustructured grid, the number of iteration grows slightly, resulting in nearly linear complexity. From
the obtained result, one may expect that with increasing problem size the number of iterations may be bounded.

Refinements Structured grid | Semi-structured grid | Unstructured grid
2 7 11 12
4 7 11 13
8 7 11 15
8, constant coefficient 5 10 13

Table 1: The number of the iterations of preconditioned GMRes method.
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1. Introduction

The production of polymers on the basis of curing processes of epoxy resins is connected to exothermal reac-
tions. The estimation of the resulting temperatures is necessary since too high temperatures degrade the material
and deflagration is initiated. Furthermore, shrinkage is connected to this process, so that a final part is connected
to residual stresses. Thus, a precise estimation of the temporal temperature evolution is of particular interest.

First, a curing model is required, where it turns out that the classical Kamal-Sourour model, see [4], is over-
parameterized. Thus, a new model with less material parameters is proposed, see [6]. Second, curing- and
temperature-dependent heat capacity and heat conductivity are considered as well. Finally, the curing model
has to be connected to the heat equation to study the spatial and temporal evolution of both the temperature and
the curing state, see, as examples for the numerical treatment using finite elements, [1,3,5,7].

2. Numerical Treatment using Finite Elements

The curing evolution is defined by an ordinary differential equation (ODE). It turns out that these models have
aregion, where the ODE is inherently unstable, i.e. local small errors increase with time. Thus, high-order time
integration schemes have to be applied to minimize the increase of temperature. Since we are not interested in a
high-order scheme on Gauss-point level, we draw on the high-order diagonally implicit Runge-Kutta methods
(DIRK), where the Backward-Euler method is embedded as a special case. These high-order methods are
applied to the space-discretized heat equation and the curing variables, which have to be evaluated at the spatial
integration points (Gauss-points). Moreover, time-adaptivity is provided (for free) and does not require more
computational effort, see [8]. Fig. 1 shows a comparison of the temperature and curing evolution within one
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Figure 1: Stability investigation of the curing kinetics. Comparison of 10 time-steps using a Backward-Euler
scheme and a time-adaptive, second order computation (dotted lines represent the Backward-Euler computa-
tions, whereas the undotted curves symbolize the time-adaptive computations).

element (adiabatic boundary conditions) of the Backward-Euler method with 10 time steps and a time-adaptive
computation of Ellsiepen’s method, see [2], which are applied to the heat equation and the curing equation.
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A further misleading aspect is connected to the application of the non-linear solution scheme to solve the
resulting coupled system of non-linear equations occurring after the time-discretization. It will be shown that the
resulting space and time discretized coupled system is solved using the Multilevel-Newton algorithm (MLNA)
proposed by [9] leading to the particular structure of solving on Gauss-point a non-linear equation to obtain
within a global Newton-step the curing variable as well as the (consistent) tangent.

Finally, we apply the whole DIRK/MLNA concept to a validation example, where in an oil bath the temperature
evolution of a curing epoxy resin is measured using thermographic measurements of the upper surface of a small
cavity. These experiments are compared with the temperature evolution of the finite element computations.

3. Conclusions

On the basis of experimental data a new curing, heat capacity, and heat conductivity model is drawn on. This is
implemented into a time-adaptive DIRK/MLNA finite element approach to compute the temperature evolution
in a part, where it turns out that this is necessary due to the inherently instability of the curing ODE. The whole
concept is compared to thermographic measurements of the temperature evolution of an cured epoxy resin.
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1. Introduction

Wave propagation analysis in structures is of much importance for its applications to problems like structural
health monitoring (SHM) and non-destructive tests (NDT). Wave propagation problems deal with high
frequency excitations and the FE modelling is not computationally viable as the element size has to be
comparable to wavelengths, which are very small at higher frequencies. In the past decades, many different
approaches have been published for signal processing like Fast Fourier Transform (FFT), Short Time Fourier
Transform (STFT) and etc. These approaches mainly based on dividing time domain to constant fix window
of time. Wavelet Transform (WT) is an efficient method for variant oscillations functions analysis like wave
analysis. The advantage of WT over other methods is the use of wavelet and scaling functions. This makes
variable time window due to oscillation of function in special domain, so, in this approach there is no noise
in response in ideal condition.

Complex modulus is a property of viscoelastic materials. It is the ratio of stress to strain under vibratory
conditions (calculated from data obtained from either free or forced vibration tests, in shear, compression, or

tension). Complex variables can be used to express the moduli E" and G follows:

E =E'+iE"

G =G +iG"
In present work, wavelet transform and spectral finite element used to temporal approximation and
eigenvalue analysis respectively for Euler-Bernoulli beam formulation. Viscoelastic properties applied in the
form of complex modulus time dependent properties. Response of beam (transient velocity) under impulse
and tone burst loading extracted for SHM algorithm by studying the effect of mechanical properties of
material.
2. Extended Euler-Bernoulli Beam equation

(1)

The Euler-Bernoulli Beam governing equation as follows:

. O'w o*w . 0u o’u
) E'l=—+pAd—=0, EA— =pAd—
o P e
Wavelet transformed equation is:
Ld, . dh,
3) ’ :_%7/?1]’ _j:p_Aysz
dx AT axt AP

Where 7/]2. is diagonal terms of connection coefficents of Daubechies compactly suppoerted wavelet[1].

Essential boundary condition must be transformed to wavelet space. This helps the model for applying
arbitrary loading.

—_—

(a) (b)

Figure 1. Applied (a)longitudinal (b)transverse loading
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3. Problem Solution

Problem is solved by Matlab numerical code. Validation of problem is done with results in [3] with
Aluminum material. For present propose PVC, VLDPE and HDPE viscoelastic polymer material properties
considered based in [2]. Comparing transient velocity of this material based on properties effect helps to
improve SHM algorithm.

4. Results

Response of longitudinal impulse loading applied at the free end by FEM and WSFEM compared in Figure
2. It is well seen that FEM does not provide an accurate response in this case. Comparison of viscoelastic and
elastic (E" = 0) of VLDPE behavior under impulse loading is shown in Figure 3.

—— WSFE Malkarjun WSFE FEM

Longitudinalvelocity (m/s)

Time(s)

Figure 2. Longitudinal velocity at the free end of beam

elastic elastic
a | viscoelastoc viscoelastoc
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Time(s) <10 Time(s) <107

Figure 3. Response of VLDPE beam in elastic and viscoelastic properties under impulse load at the free end of beam

5. Conclusions

Wavelet spectral finite element is an efficient low cost method to wave propagation analysis. Viscoelastic
properties of material have different response as compared to elastic properties that is so important because
in viscoelastic properties stress may increase by 100%. It means that if only elastic properties are considered
in polymer material, it can cause a high risk in design.
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Vegard’s law states that the length of lattice vectors of a solid solution changes linearly with its chemical
composition. In 1921, such a rule was observed for cubic crystals by Vegard [2]. Recently, this law is used
widely for many other structures. In the case of low symmetry crystals, the shape of resultant unit cell (spanned
on the lattice vectors) depends not only on three lattice parameters, a, b, c, but also on three crystallographic
angles which are not determined uniquely by the classical (scalar) form of Vegard’s law.

The problem is that for lattice structures of low symmetry (arbitrary chosen repere) the mentioned law can be
generalized in a different way. In result, various generalizations were proposed in literature, see e.g. a discussion
in [1].

In many computational problems the scalar weighting functions are used for averaging of elemental lattice
vector bases (Vegard’s law), for example:

1. Projection of nodal distortions to Gauss points in the finite element method (FEM),
2. Projection of lattice vectors to the interfacial zone in the phase field method (PFM),

3. Calculation of lattice vectors for solid solutions (the classical application of Vegard’s law).

As a matter of fact, it can be proved that all generalizations of Vegard’s law proposed as of yet do not determine
uniquely the resultant size of unit cell for low symmetry solid solutions. For example, the use of Vegard’s
law for calculation of lattice vectors of a monoclinic binary system MgyCus., V2Og should not depend on the
choice of the reference structure, MgzV2Og vs CuzV20g. From the stoichiometric point of view, the lattice
(P1 2¢/c 1) of MgyCus.,V20g and Mg3.,Cu,V20g for y = z = 1.5 means one and the same crystal structure
Mg 5Cuy.5V20s.

In the case of the n-ary system the strain tensor generalization of Vegard’s law can be rewritten in the following
form

(1) e; = (14 mico)eso,
i=1

where e;, zj, €0 and e;,denote the resulting lattice vectors for the solid solution, the weighting function of
the i-th chemical compound, its strain tensor, and the lattice vectors of a crystal phase chosen as the reference
(the reference repere), respectively.

182



Session: Computational aspects of solid mechanics Abstract P294

With respect to different definitions of strain tensors and different choice of the reference lattice, the many
different generalizations of Vegard’s law were published. Contrary to the previous generalizations, the gener-
alized form of Vegard’s law presented here is invariant with respect to the choice of the reference chemical
composition. From the view point of the projection the nodal distortions to Gauss points, this form of Vegard’s
law provides the indifference of the Gauss point distortion with respect to the choice of the reference repere.
From the viewpoint of the phase field method, the generalization proposed means that the resultant values of
the lattice parameters in the interfacial zone are independent of the choice of the reference phase.
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1. Introduction

Over the last few decades, a number of studies has been conducted to investigate the relation between the
structural properties and the mechanical behavior of particulate assemblies with the particle size
heterogeneity [1-3]. Although investigations were devoted to systems with various degree of polydispersity,
a review of the literature shows that studies on properties of ternary granular packings with PSD uniform and
nonuniform by number of particles are very limited. Since ternary mixtures are commonly used in many
branches of industry (e.g., chemistry, pharmacy, and metallurgy) and exhibit interesting and unexplained
behavior, an examination of their properties is very important and necessary. Therefore, this study focuses on
the analysis of the effect of particle size ratio and the number fraction of mixtures composed of three grain
size fractions on their structure and mechanical properties. Knowledge gained from presented project may
lead to better understanding of real granular mixtures with more complex PSDs and may find application in
industries dealing with granular materials.

2. System description and numerical procedures

The 3D simulations were conducted using the EDEM software, based on the Discrete Element Method [4]. A
simplified viscous-elastic non-linear Hertz-Mindlin contact model was used. The input parameters for DEM
simulations, corresponding to the mechanical parameters of steel rods and steel walls were used in this study.
A confined uniaxial compression test of granular packings was simulated, which is a standard laboratory
test procedure to measure mechanical properties of granular materials. The spheres with random initial
coordinates were generated inside the box with rectangular cross-section. Spheres settled down onto the
bottom of the test chamber under gravity in a dispersed stream. Next, spheres were compressed through the
top cover of the chamber that moved vertically downwards at a constant velocity until a maximum vertical
pressure on the uppermost particles reached 100 kPa.
Simulations were carried out for samples composed of three particle size fractions. The samples were
described by particle size ratio g, defined as a ratio between the diameter of the largest and the smallest
spheres. The particle size ratio varied from 1.25 to 5. Samples had particle size distribution uniform by
number of particles (i.e. an equal number of particles of different sizes) or nonuniform by number of
particles (i.e. a different number of particles of different sizes). Mixtures with PSD nonuniform by number of
particles were described by factor f which defined a percentage contribution of spheres representing different
particle size fractions to total number of particles in mixture.

3. Results

The study included an effect of the particle size ratio and the number fraction on porosity, compression
index, number of contacts, distribution of contact forces, pressure ratio and elastic modulus.

Figure la shows the evolution of the porosity of samples (@) with different values of g, subjected to
compressive loads. An increase in value of g form 1.25 to 2.5 resulted in a substantial decrease in porosity,
that was not observed for larger g values. In the entire range of compressive load, the differences between
porosities of mixture with g¢>2.5 fell within the range of scattering. The exceedance of g=2.5 did not change
significantly volume of empty space between large particles providing approximate porosities.

Figure 1b shows the evolution of effective elastic modulus (£) with compressive loads in samples with
different g values. No evident relation between the modulus of elasticity and particle size ratio was observed
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and differences between E values calculated for different g lied within the range of scatter.
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Fig. 1. Evolutions of porosity (a) and effective elastic modulus (b) of mixtures with various values of g with
imposed compressive pressures.

Figure 2a shows the porosities of packings with various number fraction of particles with g=1.25 and g=3.75.
Regardless of g value, the porosity increased with an increase in the number fraction of coarse spheres. The
largest porosities were obtained for mixtures composed of the same number of coarse and medium spheres
(f=442). Figure 2b presents the lateral-to-vertical pressure (k) ratio in mixtures with different g and f.
Regardless of g value, the pressure ratio was greater in mixtures with =424 as compared to samples with
/=244, that increased by few percentage for samples with f=442. The k values were larger for smaller g
indicating that, in mixtures with PSD non-uniform by number of particles, the pressure ratio is determined by
both, geometric and statistic factors.
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Fig. 2. Evolutions of porosity (a) and lateral-to-vertical pressure ratio (b) for mixtures with g=1.25 and
g=3.75, and different number fraction of particles.

4. Conclusions

A study on the effect of the particle size ratio on the properties of ternary mixtures with PSD uniform by
number of particles has shown that the g value significantly affected packing structure, while the mechanical
properties were found to be negligibly influenced by the particle size ratio. An evident effect of the
contribution of the particle size fractions in ternary packing on its porosity, coordination number, and pressure
ratio was also observed, which increased with an increase in value of g.
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1. Introduction

Asphalt concrete (AC) is a composite material consisting of a stone aggregate with irregularly shaped, randomly
distributed and oriented grains, a bituminous binding agent, air voids as well as further specific additives (the
binder mixed with a mineral filler of a very small diameter is called a mastic). In this study, we focus on the
AC typical version comprising only the first three constituents. From the road engineer point of view, behavior
of this composite is analyzed at the macro resolution. However, all of the phenomena occurring at lower scales
should be incorporated in the macro scale analysis. A cumbersome fact is that above mentioned constituents of
this heterogeneous compound can be described with different material models. A stone aggregate is typically
analyzed as the elastic body [5,10,14], whereas the asphalt binder is usually assumed to behave viscoelastically
[5,8,10-12,15] or viscoelastoplastically [2,9]. In complex studies, accumulating fracture damage due to thermal
effects [2, 5, 14] is also investigated. Modeling of the mastic-aggregate interface is another demanding aspect
[5,8,10].

Beside the phenomenological approach, which is costly and time consuming, numerical modeling of asphalt
concrete is a very active research field. The developed methods allow to capture the effective response of this
material under applied loads. This approach is justified specially in the context of the whole asphalt roadway
analysis.

In this study, we focus on the efficient numerical modeling of the AC heterogeneity. Both the aggregate and
binder phases are modeled as purely elastic. For the sake of simplicity, air voids and mastic-aggregate interfaces
are also ignored. Our main objective is to present the upscaling method for AC taking into account both the
randomness and non periodicity of its micro structure (c.f. [13]).

2. Methodology

In order to analyze the asphalt mix at the macro resolution, we use the multiscale finite element method (Ms-
FEM). Its idea is based on a concept of special shape functions accounting for the material heterogeneity [3,4]
and neither periodicity nor scale separation are requested. Further contribution to the MsFEM was to accom-
modate it for higher order approximation [1, 7]. The algorithm of the MSFEM consists of three main steps.
First, a coarse mesh is generated to discretize the analyzed domain. Subsequently, auxiliary problems (see [1]
for details) are solved within every coarse element to assess modified shape functions resulting from the het-
erogeneity. This step leads to the computation of the effective stiffness matrices by fast algebraic operations
without integration. Finally, the coarse mesh (generated at the first step) with these matrices is used to solve the
problem of our interest.

The crucial part of this study is also the generation of the random AC micro structure. We propose a new
algorithm based on a structured grid instead of the Voronoi diagram that is commonly employed for this purpose
(c.f. [12,13,15]).
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3. Results

We compared the results of the MSFEM and the fine mesh (an extremely refined mesh covering the material
heterogeneity) computations. Significant reduction of the degrees of freedom number was observed without
severe modeling error introduction.

4. Discussion

The present study is a part of the ongoing research aimed at the effective AC modeling. We demonstrated the
applicability of the MSFEM to this scientific problem. The improved homogenization method is very efficient
in the case of non periodic domain without a distinctive scale separation. In another paper [6], we presented the
application of the MSFEM to non periodic viscoelastic materials with trivial inclusion shapes. Consequently,
our further research effort is to verify the algorithm of the random AC generation for purely elastic cases and
apply the MsFEM to real-life domains with nonlinear material models.
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1. Introduction

Dynamic and static behavior of snow are of great importance in some engineering applications: impact on civil
infrastructures, avalanches prediction and protection, tire-snow interactions, icing of aircrafts and machinery...
Beyond density, the microstructural parameters of snow have received increasing attention in recent years as the
density alone could not accurately represent the mechanical behavior of snow. A realistic modeling of snow dy-
namics requires a multi-scale approach. This work adopts the following hierarchical modeling approach: first, a
mathematical modeling of the grain scale response featuring most of relevant micro-mechanical processes; sec-
ond, an investigation of meso-mechanical response of representative volumes from structures observed through
x-ray computed tomography; Third, upscaling meso-mechanical properties for macro-mechanical behavior.

2. Method formulation

The complex underlying physics at grain scale includes friction, creep, pressure or frictional melting and re-
freezing of contact interface creating a bonded structure and a high energy dissipation during macroscopic flow
and deformation. Most of these processes are function of the thermodynamic state of the snow. Similar pro-
cesses are observed in powder metallurgy and additive manufacturing where strengthening and porosity reduc-
tion through sintering is accelerated by pressure [3]. From numerical modeling viewpoint, the granular phase
can be characterized with frictional interaction of discrete particles and hysteretic energy dissipation. The solid
phase is a porous media composed of meso-scale structures with evolving geometries and fracture properties.
The inherent mechanical behavior of such structures can be captured using bonded particles for which accord-
ing to the stress state at the contact area occur: instantaneous bonding or re-bonding due to visco-plasticity and
melt-freeze mechanism for compressive stress; elastic deformation and quasi-brittle fracture of the resulting
structure under destructive torques, tensile and shear stress. The micro-structure evolution is represented by
coupling discrete particle model for the first mechanism and a network of Euler-Bernoulli microbeam model
with fracture for the later. Model parameters are calibrated using snow rheology and strength measurement of
bond created between contacting ice spheres at different time scales [2] [4].

The snow is considered as a viscoelastic material with a memory effect [1]. For two contacting ice particles we
consider the force displacement relation of burger material which includes rate dependence and loading history
in the following equation:

ndni . . Nd"ni ..
> Eif Ul

1 1 .
(1) £+ [%Z+”i(?d+5)]fc+

Where 7); and k; are the instantaneous viscosity and stiffness constant, 1; and k, the delayed viscosity and
stiffness constant, « displacement rate, 4 the acceleration.

The resulting bonding microbeam start thickening and the resistance force under tensile stress is calculated as
follow :

@) o ku if u <y
ku, ¥ ifu <u<uyp

Where the bond stiffness & is function of the beam radius and length, v; is the limit elastic displacement and W is
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a damping function for fracture energy dissipation, u is a displacement limit depending on the fracture energy.
The shear force, bending and torsion torques are computed according to the Euler-Bernoulli beam theory with
a quasi-brittle failure and fracture energy dissipation to explicitly account for phase change.

3. Results and remarks

The micro-scale model allowed us to carry out detailed analysis of high strain and rate-dependent behavior
and microstructure based fracture parameters. The following images show created microbeam structure under
an isotropic compression and the flow of a granular phase after failure of the microbeam structure under high
strain rate uni-axial compression. The Fracture force is calculated by multiplying the area of the created bond to
the ultimate tensile strength of ice. The solid phase is characterized by the presence of microbeam. Under high

Local fracture force (N) Kinetic Energy (J)

i.034451877 801e-5
4 265

i i
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Figure 1: Tests at —5°C' a) Tensile force required to fracture local microbeam structure after a moderate strain
rate isotropic compression; b) ongoing damage under high strain rate loading.

strain rate the brittleness of snow and granular phase is characterized by fracture and low microbeams density.

4. Conclusion

In an effort to simulate the flow of granular snow and fracture behavior of packed snow during large de-
formations, a hierarchical approach consisting of micro-scale characterization, meso-mechanical and macro-
mechanical modeling have been adopted. Based on creep tests and grains bonding strength measurements,
calibration and validation of the grain scale mechanical model was performed and meso-scale fracture behavior
was investigated. Also mechanical behavior under high strain and different strain rates and pressure sintering
of snow have been investigated and modeled.
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1. Introduction

The size effect is a fundamental phenomenon in concrete materials. It denotes that both the nominal
structural strength and material ductility (ratio between the energy consumed during the loading process after
and before the stress-strain peak) always decrease with increasing element size under tension [1]. Thus,
concrete becomes ductile on a small scale and perfectly brittle on a sufficiently large scale. Two size effects
are of a major importance: energetic (or deterministic) and statistical (or stochastic) one. In spite of the ample
experimental evidence, the physically based size effect is not taken into account in practical design rules of
engineering structures, assuring a specified safety factor with respect to the failure load. Instead, a purely
empirical approach is sometimes considered in building codes which is doomed to yield an incorrect formula
since physical foundations are lacking.

The objective of the present paper is to analyze numerically a quasi-static size effect in concrete at the meso-
level during differing failure mechanisms (varying from quasi-brittle to very brittle with the snap-back
instability) observed in quasi-static splitting tension tests for different specimen diameters.

2. Experiments

Own experiments on splitting tension were carried out with concrete specimens of the diameter D=74, 100,
150, 192 and 250 mm under the CMOD-control. The strength and ductility decreased with increasing
specimen diameter. For large specimen diameters D>100 mm, a clear snap-back instability occurred.
Advanced x-ray micro-tomography system Skyscan 117 was used to determine concrete meso-structure [2].

3. Simulations with Discrete Element Method (DEM)
The calculations were performed with the three-dimensional spherical discrete element model YADE, which

was developed at University of Grenoble [3]. This 3D spherical discrete element method takes advantage of
the so-called soft-particle approach (i.e. the model allows for particle deformation which is modelled as an
overlap of particles). During the simulations, particles may overlap that can be interpreted as a local contact
deformation. A linear normal contact model in compression was used. The interaction force vector
representing the action between two spherical discrete elements in contact was decomposed into a normal
and tangential vector, respectively. The normal forces acting on spheres were modelled by an elastic law with
cohesion. Concrete was depicted as a four-phase composite material including aggregate, cement matrix,
interfacial transitional zones (ITZs) and macro-voids [4]-[6]. The realistic description of the meso-structure
with the presence of ITZs was necessary to faithfully reproduce the crack shape in concrete. The DEM
calculations were performed with the concrete specimens of the different diameter used in
experiments(Fig.1). ITZs were simulated for the sake of simplicity as contacts between aggregate and cement
matrix grains. Thus they had not the physical width in contrast to experiments. The detailed calibration
procedure was based on preliminary uniaxial compression laboratory tests.

The process of micro- and macro-cracking was studied in detail for various failure modes including the snap-
back. The macroscopic stress-CMOD curves and shapes of cracks were directly compared with the test
outcomes. In addition, the evolution of contact forces, crack displacements, number of broken contacts were
analysed at the aggregate level. Internal energies were carefully studied in specimens of the different
diameter with various failure modes. A satisfactory agreement between with experiments was obtained. The
experimental size effect was realistically reproduced in numerical calculations at the aggregate level, i.e. the
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concrete strength and ductility decreased with increasing concrete specimen diameter. The decreasing
strength reached an asymptote with increasing specimen diameter.

a) b) c)

Figure 1: Fracture in concrete specimen in splitting tensile test in a) experiment and DEM calculations with
2 different specimen diameters: b) D=0.15 m and ¢) D=0.05 m (black colour indicates aggregates, grey
colour represents cement matrix, white colour shows macro-pores, cyan colour denotes area with broken
contacts and blue colour shows supports

The relatively more contacts were broken before the peak load for the larger concrete specimen than
for the smaller one (by 25%) and after the peak load for the smaller specimen than for the larger one
(by 25%). Thus, during the snap-back behaviour relatively less contacts were damaged than during the
quasi-brittle behaviour. The strong micro-cracking process mainly started in the smaller specimen
slightly before the peak load and in the larger specimen clearly before the peak load (that contributed to
the lower strength).

Acknowledgments Research was carried out within the project "Experimental and numerical analysis of coupled
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1. Context of the Study

Numerical modelling of granular materials as discrete particles becomes more common, especially with
increasing computational power available. The default tactic of many researchers is to increase the overall
complexity of the simulation but to save on computational power by oversimplifying important aspects of the
medium itself, namely the form of the particles used. Most of Discrete Element Method simulations
incorporate the simplest particle shapes possible: discs in 2D and spheres in 3D. The well-known
pathological effects of such assemblies (e.g. low shear resistance, small changes of volume in shearing) are
remediated with various numerical features, such as additional contact laws [4, 5], restrictions on degrees of
freedom [2], etc. Such approaches, however effective, can be regarded as controversial because of dubious
values of the multiple numerical parameters needed.

Other simulations incorporate complex particle shapes, but without full understanding of the underlying
physics. Detailed studies focused on the grain shape influence have been performed [1, 3, 7], but the problem
remains open to further investigations.

2. Overview of the Study

A family of non-convex 2D particles (clumps) with three axes of symmetry was chosen to form multiple
polydisperse assemblies simulated in the framework of Molecular Dynamics in PFC?°. The particles, each
made of three discs, were described with a single low-order shape parameter a. The samples were carefully
prepared so as to ensure homogeneity of the initial assemblies in terms of contact directions, spatial
distribution of porosity, distribution of the coordination number, etc. The numerical parameters of the
simulations were chosen with respect to certain dimensionless characteristic numbers [6] to assure quasi-
static loading conditions. Each sample consisted of 5000 identical particles of different sizes, initially loaded
isotropically in a square box, and later biaxially compressed (¢;= const; a;= const) up to a critical state,

where g =2"% ~ const and Eyo1 = const. Four comparable but random samples of each particle shape

g,+03

type were prepared in parallel in order to enable statistical analysis of the results. Although the results of
such simulations were investigated macroscopically in the past [8], their microscale studies leave a lot of
room for further research.

Because of the complex shapes of the clumps, much more complicated contacts were possible between any
two particles (contacts between two neighbouring clumps via two, three or four discs), unlike in assemblies
made of separate discs, where only a singular point of contact is possible. The focus of this research was to
observe the transitions of contact types in different phases of the biaxial compression test, contact point
(area) transformations, location of certain contacts in the force chain network, and to examine the findings in
the context of contact force magnitudes and the shapes of the particles.

Acknowledgments The author would like to express his gratitude to Gaél Combe and Pascal Villard of Laboratoire
3S-R in Grenoble, France for their invaluable input to this work.
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1. Introduction

In recent years, we observe a significant development of new materials, particularly composites and
metamaterial, as well as the technological advancements that these new materials have allowed. To reduce
the cost of experimental testing during the design stage of those materials, digital modeling can be
incorporated. In order to represent correctly the materials’ global mechanical behavior, it is necessary to
include certain features of the microscale when modeling. However, the complexity of the problem leads to a
large number of degree of freedom (dof). Therefore, we propose an application of the Multiscale Finite
Element Method (MsFEM) [1] to reduce the computational cost.

The MsSFEM is a promising method used to model heterogeneous materials. It requires neither the
assumption of scale separation nor the periodicity of the microstructure. Furthermore, the calculations can be
easily parallelized, since the MSFEM special macroscale shape functions that capture microscale details are
computed independently, in appropriate groups of elements.

The proposed multiscale modeling will contribute to development of efficient and reliable tools for a better
understanding of the relationship between the additive manufacturing process, metamaterial microstructure,
and the overall mechanical properties of 3D printed elements.

2. Problem formulation

We consider the linear elasticity problems formulated below for heterogeneous or porous materials.

Find field of displacements u(x) in a domain Q such that:

d Ju
1 —— = —E
@ Sx-(

il ax1)=ﬁ' Vw, cfl
1 4

with kinematic (&) and static (£) boundary conditions specified on a0, and @£, respectively, where
a0, U an, = an, i, nd, = @ and continuity conditions at the interface between subdomains w,.
The strong ellipticity and boundedness of the microscale material parameter tensor ¢ is assumed (i.e.,
Aa, 7 ER-I':tIfE-}-fE-}-E Cﬂ-szq‘fk:"—:ﬁfz‘;‘fu‘, VE;; € R?). The material parameters are differentiable
(typically constant) in each w,, and f; denotes a body force component.

The discrete counterpart of problem (1) may be written in the following matrix form
) K"u® = f*
where u" is the vector dof and K™, £ denote the assembled matrix and vector, respectively.

The MsSFEM uses two meshes of finite elements. A coarse mesh is generated at the macroscale and is locally
refined, for each coarse element node. This creates a set of fine meshes for every element (see example in
Fig. 1). The most important issue of the MsFEM is an approximation of solutions of the following auxiliary
problems to determine special shape functions
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Given ¥, find &, such that:
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In other words, problem (3) defines the interpolation operator that transfers M coarse element dof into IV fine
mesh dof. Such a mapping is represented by a matrix .., and is used to compute the coarse element matrix

K& vector f# of fine mesh.

(2) K¥ = I'K"1I,
Assembling such a matrixes and vectors leads to a system of macroscale algebraic equations with relatively

small number of dof.

3. Preliminary results

fH — ITfh .

Below, we present a study of convergence of the method for on exemplary 2D problem (see Fig. 1).
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Fig. 1: Numerical example: the problem scheme and 4 x 4 element coarse mesh (left), fine mesh used for one
coarse element (center), p-convergence of the error in L and energy norms (right).

4. Concluding remarks

The results presented in the previous section as well as some other examples known from both literature and
other research [2] indicate that MsFEM with higher order application is an efficient method for modeling of
advanced materials. An experimental validation of the approach is conducted and its results will be discussed

at the conference.

References

[1] T. Hou and X. Wu. 4 multiscale finite element method for elliptic problems in composite materials and porous
media. J. of Comp. Phys., 134:169-189, 1997.
[2] W. Cecot and M. Oleksy. High order FEM for multigrid homogenization. Comp. and Math. with App., 70(7):1370-

1390, 2015.

197



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

RESPONSE SURFACES IN THE NUMERICAL HOMOGENIZATION
OF NON-LINEAR POROUS MATERIALS

W. Beluch! and M. Hattas?

! Institute of Computational Mechanics and Engineering
Silesian University of Technology, Gliwice, Poland
e-mail: witold.beluch@polsl.pl

1. Introduction

Numerical homogenization methods are widely applied to the calculation of the equivalent properties of
microscopically inhomogeneous media. Their direct application to non-linear materials usually leads to very
high computational effort. Nowadays, the solution of such a task requires the use of computational clusters or
supercomputers and cannot be effectively used in engineering simulation.

One of techniques which allows reducing computational time is the response surfaces attitude. The use of the
response surfaces allows rapid approximate determination of homogenised material properties.

The aim of the paper is to obtain a reliable range of the equivalent material properties values of a non-linear
porous material by means of the numerical homogenization and response surfaces methodology. The
boundary-value problem has been solved by means of the finite element method (FEM) ANSYS software in
both considered scales.

2. Numerical homogenization of non-linear materials

Numerical homogenization, belonging to the group of homogenization methods, is an efficient numerical
procedure which allows obtaining a medium macroscopically equivalent to a medium micro-scale
inhomogeneous one. It is usually assumed that a representative volume element (RVE) represents the whole
structure (global periodicity) or its part (local periodicity) [1]. If the material is non-linear, the number of the
required RVE calculations is usually extremely high as it is necessary to solve the boundary-value
problem(s) for each integration point in each iteration for the global model. Different attitudes to non-
linearities in multi-scale analysis of heterogeneous media are presented e.g. in [2] and [3].

In the present paper an attitude with the use of response surfaces is proposed. The response surface
methodology allows obtaining an approximate input-output relation if the true relationship is not known or
hard to obtain [4]. The advantages of response surface approach are almost instantaneous output parameters
evaluation and several design point calculations requirement to obtain high accuracy (for most cases).

In the present paper the response surface methodology with an artificial neural network (ANN) implemented
in the ANSY'S Workbench software has been used.

3. Numerical example

A RVE made of porous Ti-6AL-4V alloy with 64 uniformly distributed spherical pores has been created (Fig.
1a). It is assumed that the material is an elastoplastic with bilinear isotropic hardening one with the parame-
ters collected in Table 1.

Parameter Young Poisson’s |  Density Yield Tangent
modulus E | ratio v ol strength Re | modulus E;
value 105.66 GPa | 0.342 | 4430 kg/m® | 1.09 GPa | 0.85 GPa

Table 1: Parameters of Ti-6Al-4V elastoplastic alloy.
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Tensile tests for 9 different porosity values p=0.01-0.8 regulated by pores’ diameter has been performed to
calculate the dependence between equivalent stresses and strains. The results have been used to construct the
response surface by means of the Kriging method (Fig. 1 b).
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Figure 1: Non-linear homogenization: a) RVE and pores location b) obtained response surface.

The response surface has been used to calculate stresses and strains of the two-point supported beam of the
same non-linear material with porosity p=0.2. The beam has been divided into 1250 hexahedral finite
elements, which represent RVE models. A feed-forward ANN of 2-5-1 topology has been used to determine
non-linear behaviour of each finite element. The obtained results have been compared to a macroscopic
model with 1250x64 pores and discretized by fine tetrahedral mesh. The maximum deflection evaluation
error between applied approaches was lower than 4%. A calculation time in the response surface approach
was about 1350 times lower than in the macroscopic model approach.

4. Conclusions

The application of the response surfaces idea to the numerical homogenization of non-linear porous materials
has been presented. Such attitude allows obtaining satisfactory results dramatically reducing the number of
RVE calculations, comparing with classical attitude. The presented methodology may be applied to different
non-homogeneous media with material nonlinearities, e.g. composites.
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1. Introduction

The fluid flow through the porous media with phase transition is an important technical issue that is common
in the power industry, and is also an interesting research problem. The task described and analyzed in the
following work is derived directly from the thermal conversion of solid fuel. It refers for example to a process
of gasification/combustion in the packed bed or even the conversion of single fuel particles. Thermal conversion
of solid fuels plays an important role in energy generation. In Poland still over 80% of electrical energy is
produced from coal. The combustion of fossil fuels gives Poland high energy independence, while providing
relatively low cost of the electricity and heat produced from coal. Unfortunately, the combustion of coal, mostly
in small scale old domestic boilers, causes high concentration of PM2.5 in the surrounding air and the highest
level of benzopyrene in the European Union [1] which is one of the most toxic components of smog. Therefore,
an analysis of thermal conversion of solid fuels has a practical meaning. Moreover flow through a porous packed
bed of solid particles with mass loss phenomenon is interesting from research reasons.

The main goal of this work is to investigate the possibility of different numerical methods (eXtended Discrete
Element Method - XDEM, Finite Volume Method - FVM) to simulate the behavior of solid fuel particles during
the gasification process that is performed in the Institute of Fluid-Flow Machinery PASci (IMP).

2. Thermochemical processes in packed bed and single fuel particle

The XDEM method aims at resolving the particulate phase with its various processes attached to the parti-
cles [3]. The main assumption of numerical modelling is that each particle undergoes a sequence of thermody-
namic processes that are described by a set of one-dimensional and transient conservation equations for mass,
momentum and energy using Discrete Particle Method (DPM) [2]. XDEM practically extends the dynamics of
particles described by the classic DEM. In the analyzed solid fuel conversion problem the simplified geometry
of the IMP "INKA" reactor was used. In Figure 1 the XDEM/CFD numerical results are presented. The prop-
agation of the heating front and the moisture content in each particle can be observed. As can be seen, the hot
gas flows into the cylinder from the top wall to the bottom wall. Due to the heat transfer from hot air to cold
biomass, the central temperature of each particle is increasing.

For comparison the numerical analysis of single particle heating obtained from 1D in-house code is presented
(Figure 2). The numerical code is based on the finite volume method (FVM) and includes the mass, momentum
and energy balance equations with the source terms. Main assumption is the structure of the solid particle
which consists of the solid, gas and water phase and has an ideal spherical shape. Additional simplification
is that the thermochemical properties may change only in the radial direction, what gives simpler form of the
partial differential equations. The cold particle is heated by the stream of hot nitrogen. Due to the heat transfer
from the surrounding gases, the structure of particle is changing and the moisture and volatiles are released. The
mass source terms for moisture and volatiles, the porosity change and the particle thermophysical properties
variation were implemented basing on the appropriate temperature relationships [4].

200



Session: Discrete and multiscale modelling in solid mechanics Abstract P171

1100
1200 1000

1000

Figure 2: Temperature distribution and particle water volume content in the solid single fuel

3. Conclusions

The main goal of this work was to investigate the possibility of the XDEM/1D FVM programs to simulate the
behavior of the solid fuel particles during the thermochemical conversion process that was performed in the
real gasifier called "INKA" (IMP). Basing on the test case calculations of the analyzed reactor, the following
conclusions can be made: (I) the XDEM method can be used to simulate heat and mass transfer processes in the
packed bed reactors, (II) the numerical results obtained using both programs show propagation of the heating
front and the change of the moisture content in particles, (III) the time of conversion depends on the type of the
fuel, its structure, size and physical parameters.
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1. Introduction

Correct representation of macroscopic properties using standard DEM models is still a challenge. Even the
so-called soft-contact [1] approach of contact treatment which allows a small particle overlap equivalent to
particle deformation at contact is not always sufficient to obtain a required deformation behaviour [5]. Different
approaches reported in the literature to incorporate particle deformability within DEM include the use of finite
elements to discretize particles [4] and adding deformation modes to a rigid motion for polygonal or polyhedral
elements [7]. Works considering the deformability of circular elements with soft contact approach are rather
very few. For example, Haustein et al. [2] presented a simple approach purely based on geometrical assump-
tions. This paper presents a novel treatment for the deformability of the circular discrete elements consisting in
adding a global deformation mode induced by an average stress tensor derived from the contact forces acting
on each particle. An interesting feature of our novel method is that by using appropriate model parameters, we
can recover the finite element solution of the problem. Our new formulation is termed as deformable discrete
element method or DDEM and an overview of its formulation is presented further. For a detailed discussion on
DDEM see [6].

2. Formulation of the novel concept for treating particle deformability

The idea of our novel concept for treating particle deformability is shown in Fig. 1. Under the uniform stress
assumption, the internal particle stress is obtained from contact forces as volume average stress using the
formula [3]:

_deformed
~  shape

> _undeformed
N shape

(1) Gp="> - (s“@F +F°®s°)

where V), — particle volume, n,. —no. of elements in contact, s© is vector connecting particle center with contact
point, F¢ — contact force and symbol ® — outer tensor product. An inverse constitutive relationship is used to
obtain particles strains,
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where D is elastic compliance tensor for plane strain. These strains elicit new contacts and concurrently lead
to change in local particle overlap in our soft contact model due to deformation of a circular disk into an
ellipse with axis aligned along principal strain directions (cf. Fig(1)). Hence, the deformability of discrete
elements invokes interdependency of contacts, similar to that of a non-local contact model. This is the distinct
characteristic of our new formulation as compared to standard DEM. It will be shown that in-fact we can retrieve

a FEM solution from a DDEM model using suitable parameters. A numerical example will be presented for its
verification.

3. Numerical example

The equivalence between finite element solution and deformable discrete element method is verified numeri-
cally by simulating uniaxial compression of a 2D rectangular sample. The DEM sample which is assumed to
represent an elastic solid is discretized with 180 bonded disk elements of radii » = 1 mm. Equivalent FEM
model has been obtained by taking porosity of the DEM sample into account. Figure 2 shows the displacement
contours in x and y directions for DDEM model ( a) and b) ) and an equivalent FEM model ( ¢) and d) ). From
the results presented in Fig. 2, it can be observed that in-fact, our novel method to treat deformability of discrete
elements allows us to obtain a solution equivalent to the FEM one, and which captures correctly the Poisson’s
effect which in this case would be impossible with the standard DEM model.
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Figure 2: Displacement contours — simulation results obtained with: new DEM formulation — contours of

displacements along a) the y-axis, b) the z-axis; equivalent FEM model — contours of displacements along c)
the y-axis, d) the x-axis; [6]
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1. Problem statement

Despite successful use of discrete element method or DEM over a wide variety of engineering problems, the
rigidity of particles assumed in classical formulation of DEM leads to incorrect behaviour in applications such
as powder compaction at higher relative densities [1]. In our previous work [3], we have proposed an original
formulation of DEM for deformable particles which we term as deformable discrete element method or DDEM.
In-fact we have proven that the modelling capabilities of standard DEM can be enhanced by taking proper
account of particle deformation. In order to incorporate deformability in discrete elements, the iterative scheme
of our novel formulation results in an implicit relationship between contact forces and particle displacements.
In presented work, the convergence limit for this implicit relationship is obtained analytically and verified
numerically. The idea of DDEM is explained further.

2. Basic formulation of the deformable discrete element method

Referring to Fig.1 idea of DDEM can be explained as follows, under the uniform stress assumption a global
deformation mode is introduced in particles which in-turn establishes new contact interaction due to reshaping
of the particle and invokes force redistribution. Simultaneously, the modification in particle shape also leads to
change in local interaction and hence alters the particle overlap from say, h to h. (cf. Fig. 1). In this way, due to
particle deformation, the contact in one point influences the contact interaction at other points and thus a non-
local contact model evolves. This is the distinctive feature of DDEM formulation with respect to standard DEM
where contacts are independent and do not influence each other. Considering the global deformation mode to
deduce particle overlap and consequently the contact force gives an implicit relationship of the form,

global
deformation

deformation

X

Figure 1: The idea of the deformable discrete element method (DDEM)
(1) F{" = F.(u", e(F("))
where, the superscript n denotes the current time step and €, indicate the strains instigated in particles due to

contact force at current time step, F. ™1t will be shown that the implicit relationship of Eqn. (1) can be solved
iteratively and corresponding relationship for the successive differences can be formulated as:
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(2) F((:n,k-‘rl) _ an,k‘) —B (an,k‘) _ an,k—l)) ’ k‘ >=1.

where, B is certain matrix and k — 1, k, k 4+ 1 represent the consecutive iterations for a given time step n. It
must be noted though that the iterative solution may not always converge. In general, the convergence requires
that for a certain matrix norm || - || we have, cf. [2]:

(€) Bl <1

The norm of matrix B, cf. Eqn. (3) can be small in some norms and large in others, therefore a more stringent
condition based on spectral radius, p of matrix, B i.e. p(B) < 1 [2] is used in our work.

3. Numerical example

A 2D rectangular sample of equal sized particles (cf. Fig 2) has been used to numerically verify the convergence
criterion defined by Eqn. (3). The discrete model consisting of 180 bonded disks of radii 7 = 1 mm and normal
contact stiffness k, = 7 - 10'° N/m was simulated under unconfined uniaxial compression mode. It will be
shown that the specific form of convergence criterion (cf. Eqn. (3)) for the rectangular sample is given as,

4kn (14 v,
mEyl
where, k,, is normal contact stiffness, v/, is particle Poisson’s ratio and E, is particle Young’s modulus. A
substantial number of simulations have been done for the particle Poisson’s ratio v, ranging between 0.05 to

0.45 and a comparison between numerical and analytical convergence limit is presented.
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Figure 2: Verification of convergence criteria for an rectangular discrete sample of equal size particles

It can be seen from Fig. 2, that indeed we can predict the convergence limit of a DDEM model analytically and
hence select the microscopic elastic parameters suitably to obtain a convergent solution using DDEM model.
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1. Introduction

Numerical simulation on a microscopic scale to predict macroscopic properties is becoming conventional
approach applied in mechanics of materials. The discrete element method (DEM) suggested in the original
work of Cundall and Strack [1] is developed further into powerful simulation tool recognised as suitable
technique. Recently, the DEM is extended to various types of continuous and discontinuous solid,
macroscopic properties of which are predefined by microscopic structure of bonded particles [2]. Ability to
describe discrete nature and inter-particle damage and cracking as a real discontinuity among the particles
presents the main advantage of this method. Moreover, the fracture analysis [2] and visualisation [3] at the
level of particles has the disadvantage of making DEM computationally very expensive. To increase speed-
up, the graphical processing units (GPUs) has been applied in the DEM [4]. The present work was carried
out to develop the fast DEM code on GPU for fracture analysis of concrete reinforced interface.

2. Methods

The standard DEM is applied for simulation of behaviour of cohesive visco-elastic particles. The solution
domain is covered by the face-centred cubic lattice. The materials properties assigned to the nodes of the
lattice. These nodes are considered as discrete spherical particles undergoing translational motion during
deformation. The normal and tangential component of the contact force comprises elastic and viscous
ingredients represented by a composition of the linear spring-dashpot model. The bonds described by springs
can break when the external loading exceeds the strength of bonds, leading to crack formation directly
between two particles. The equations of motion are solved by using the Sth—order Gear predictor-corrector
scheme. The fast GPU-based DEM code is developed to increase computational efficiency of large-scale
simulation of fracture, involving millions of particles.

3. Problem description

The reinforces concrete sample under central tension is considered (Fig.1(a)). The sample provide to phase
composite. Interface surface between concrete and steel reinforcement formed by ribs has complicated shape.

Figure 1: a) problem description; b) discretization of space using spherical particles.
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The singularities of interface lead to local concentration of stresses and finally to local damage occurring on
a small scale. To describe the fracture pattern very fine discretization is necessary. For modelling this
problem, the million number of discrete particles may be needed. Therefore code running on GPUs is
necessary for solving such type of problem to increase the performance of DEM computations. One quarter
and three ribs of the real specimen is simulated. The simulated system (Fig 1(b)) consists of 232320
particles, with the radius of 0.4 mm and 1357548 springs.

5. Results and conclusions

Selected numerical results of simulation are presented in Fig. 2. The constitutive relationship shown in Fig.
2(a) corresponds to analytical prediction and is confirmed by physical experiment. It is obvious that cracks
starts to form at first rib at strain 0.00011. Cracks extracted by using the cell centre-based technique in a 3D
domain are shown in Fig. 2(b). The crack surfaces [3] are coloured in red colour, while the edges of the faces
are represented by green tubes.
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Figure 1: a) force and strain relationship; b) fracture visualization.

All double-precision computations are performed on the NVIDIA® Tesla™ P100 GPU Computing
Accelerator. The same OpenCL code optimized for multi-thread shared-memory architectures is executed on
the desktop PC to evaluate the speedup ratio of GPU to CPU. Speedup values up to 10.5 are obtained in spite
of intensive usage of advanced vector extensions by OpenCL on CPU. Higher differences become obvious in
case of larger numbers of particles. On single GPU attained performance was higher than that reported in the
literature in spite of the implemented complex physical model.
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1. Introduction

We present a method based on Discrete Element Method (DEM) to modeling the Vacuum Packed Particles
(VPP)—a class of smart materials/smart structures. Mechanical properties of VPP can be simply adjusted by
controlling the underpressure, which makes the structures very interesting from practical point of view, giving
raise to numerous applications, including smart grippers [2], dampers [1, 6] or medical tools [5].

VPP are made of loose granular material encapsulated in a hermetic wrappnig. When the pressure inside the
structure is equal or higher than the pressure outside, the VPP structure has mechanical properties like a baggy
bulk. When the pressure inside is lower than outside, the whole structure behaves more like a solid material.
Those special properties of VPP, together with the fact that they are in general cheaper and more eco-friendly
than electro- or magnetorheological materials of similar characteristics, make them potentially very promising
engineering structures. One of such structures—VPP dampers—are analyzed in this work.

In our previous works, VPP dampers were mostly described by using macroscopic rheological models [7, 8].
This kind of modeling usually requires relatively large number of parameters to be identified even for simple
damper designs. Moreover, those parameters are not general and need to be individually adjusted to each design.
In the present work we will pursue our earlier attempts, [3], to focus more on understanding how VPP dissipate
energy under an oscillatory excitation (see Fig. 1a), which can possibly suggest ideas for a more accurate
model. Such model could then be used to describe and analyze not only VPP dampers but possibly also other
VPP structures.

(b)

(a) '

Figure 1: VPP damper: schematics (a), DEM model (b), geometry of an elementary surface element of the
warp (c).

2. DEM model of VPP damper

We use open-source Yade DEM software, [4], to model VPP dampers. The granular media is directly rep-
resented by spherical discrete particles, and the surrounding foil warp is represented by an array of smaller
spherical particles, interconnected by cohesive bonds, see Fig. 1b. Frictional model is assumed for granule-
granule and granule-foil contact.

In order to provide the special pressure boundary conditions, which are characteristic to VPP structures, the
standard Yade DEM model for foil-warp material has been extended as follows. For each elementary segment
j of the warp (which is made of 7 spheres—one in the center with 6 neighbors, see Fig. 1¢) we apply the force

(D) Fj=A;-p
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a) b)

Figure 2: Force-displacement hysteresis loops: DEM results (a), and experimental results (b).

acting on the central sphere of the segment. Here, p is the applied pressure difference, and A; is the tributary
surface area vector,

6
1 i 1+(i%6
i=1

where x; is the current position of j-th module of the warp, and x;'- is the current position of its i-th neighbor,
cf. Fig. lc.

3. Preliminary results

The performed DEM simulations of cycling loading of VPP damper consists of three steps: (i) the granulate is
inserted into the foil warp, (ii) the warp is sealed from the top, (iii) the oscillatory motion of the sealing plane
and the top ring of the warp is applied, and the reaction force from the top clamping is acquired. The analysis
was performed in the quasi-static regime.

The preliminary results, Fig. 2, prove that DEM model is able to qualitatively capture the, experimentally
observed, dissipative effects of VPP dampers. However, the most important advantage of the presented discrete
element modeling is the ability to retrieve the individual inter-granular dissipative interactions, observe them
along the process, and identify the dissipation patterns in the structure. This is a subject of our ongoing research.
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1. Introduction

Sintering is a manufacturing process in which loose or weakly bonded metal or ceramic powders are consoli-
dated into a solid compact body by heat treatment which can be combined with mechanical pressure. Macro-
scopically during sintering, one can observe changes of the bulk material volume (shrinkage) and, associated
with this, densification and decrease of porosity. The macroscopic phenomena result from processes under-
going at the microscopic level. The microstructure during sintering undergoes an evolution characterized by
grain rearrangement and increase of grain compaction. In the initial stage, cohesive bonds (necks) are formed
between powder particles. When the sintering process is continued the necks between particle grow due to
mass transport. Surface and grain boundary diffusion are normally dominant mechanisms of mass transport in
sintering.

This paper will present a two-scale framework for numerical modelling of sintering phenomena. The proposed
approach bridges simulations performed at the atomistic and microscopic scales. The two-scale model has been
validated using the results of own experimental studies of pressure-sintering of NiAl powder.

2. Atomistic modelling

The atomistic modelling has been carried out using the molecular dynamics (MD). The methodology to esti-
mate parameters of a microscopic sintering model by MD simulations has been developed in [1]. The param-
eters include temperature dependent diffusion parameters, surface energy and linear thermal expansion. These
parameters define material behavior during sintering and are used in the microscopic model of sintering.

3. Microscopic model of sintering

The authors’ own original viscoelastic model [2] developed within the framework of the discrete element model
have been used for simulation of the powder sintering process at the microscopic level. The discrete element
models consider the powder as a collection of spherical particles (discrete elements) interacting with one an-
other by contact forces. The two-particle model of sintering is derived considering diffusion as the main mech-
anism of sintering.

7ra4

v LG
(1) F, = mvm + mys [4r (1 — cos 2> + asin 2}
where Fj, is the normal force between two particles, v, — the normal relative velocity, r — the particle radius, a
— the radius of the interparticle boundary, ¥ — the dihedral angle, g — the surface energy.

The value of diffusion parameter directly depends on certain diffusion mechanism, which is considered at the
constitutive model of sintering. Assuming that the grain boundary diffusion is a dominant mechanism in the
neck growth and shrinkage of the system the effective grain boundary diffusion coefficient D.g is given by the
following formula:

D 1,69
2 Dog = =&
2) F ke T
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where Dy, is the grain boundary diffusion coefficient with the width ¢, €2 is the atomic volume, kg is the
Boltzmann constant and 7" is the temperature.

4. Numerical results

Pressure assisted sintering of an intermetallic NiAl powder has been simulated using the methodology described
above. First, the molecular dynamics simulations have been carried out to derive sintering parameters from an
atomic scale level. The simulations have been performed with LAMMPS program [3] using the embedded-
atom method (EAM) potential developed for Ni-Al system [4]. The MD model for grain boundary diffusion
simulation is shown in Figure 1a. The GB diffusion coefficient Dy, has been extracted from the Einstein relation
(2%) = 2Dgpt, where (z%) is a mean-squared displacements of atoms within the GB core region.

a) b)

Figure 1: Numerical models: a) MD model for grain boundary diffusion simulation, b) DEM model of powder
sintering process

The parameters estimated in the MD simulations have been used in the microscopic DEM model of sintering.

The DEM model of sintering is presented in Figure 1b. The evolution of the relative density obtained numer-

ically has been compared with the experimental data. in Figure 2. A good agreement can be observed, which

demonstrates a good performance of the presented two-scale model of powder sintering.
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Figure 2: Comparison of experimental and numerical results — density evolution during sintering.
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1. Introduction

Internal variable method (IVM) is an alternative for conventional models describing processing of materials.
When the latter are used the history of the process is not accounted for. Fast change of the process conditions
moves the model to a new equation of state without delay, which is observed in experiments. When external
variables are replaced by internal ones, this disadvantage is eliminated. An approach, which uses dislocation
density as the independent variable, was considered in the paper. This approach based on works [1,2] proved
its extensive predictive capabilities. Difficulties with identification of this model limit its wide practical
approach. Inverse approach to identification of the IVM was the main objective of the present work

2. Inverse approach for IVM

In the IVM differential equation describing evolution of dislocation populations (o) is solved:

(1) d/;t(t) =A-Bp(t)-Cp(t-t,).

. 0 for t<t,
2 Azl B=a,& ™ &j C= '
2) x a,& exp(RT a4exp(:—fl_jp(t)a8p(t—tcr) for t<t,

where: b — length of the Burger vector, Z — Zener-Hollomon parameter, T — temperature in K, R — universal
gas constant, ter — time at which critical dislocation density por = a11—a122%% is reached, a; — as3 - coefficients.
External variable models can be easily identified on the basis of simple experiments, separately for the flow
stress and for the static recrystallization (SRX). Since IVM uses the same equation for DRX and SRX,
identification of this model is complex. Result of identification based on the flow curves only is shown in
Figure 1. From one side, the model proved its capability to reproduce qualitatively the response of the
material involving oscillations, which is characteristic for copper. On the other side quantitative agreement
with the experiment is poor. Therefore, two-step compression was used as an experiment in this work. By
changing the time between deformations it is possible to obtain data for identification of the SRX model.

temperature 1000°C
Rastrain 0.3 time 5 s

flow stress, MPa

0 0.2 04 06 0.8

strain r,mm
Figure 1: Measured and calculated flow stress for Figure 2: Distribution of the RX volume fraction at
copper. the sample cross section after 5 s interpass times.

The 2-step test involves strong inhomogeneity of strains and temperatures [3]. Inhomogeneity of deformation
is well seen in Figure 1, where distribution of the RX volume fraction in 5 s after the first deformation is
plotted. Therefore, inverse analysis was applied to identification of coefficients a in the model. Finite
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element (FE) code was used to simulate two-step compression test. Equation (1) was solved in each Gauss
integration point of the FE model (Figure 3). The objective function was defined as a square root error
between calculated and measured force in the second step.
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-9 1100°C i
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true strain
Figure 3: Schematic illustration of the multiscale model of the 2-step ~ Figure 4: Measured and calculated
compression. (IVM model) flow stress.
3. Results

Identification was performed for a DP600 steel (steel A in [3]) and coefficients a in equations (1) and (2)
were determined. Selected result of comparison of measured flow stress and calculated using optimal model
is shown in Figure 4. Good agreement was obtained for all strain rates. Due to multiscale approach it is
possible to follow distributions of all parameters in the test. Figure 5 shows distribution of dislocation
density multiplied by 10-1° at the sample cross section of the sample in 4 s after the end of deformation, strain
¢=0.4, strain rate £ = 0.1 s and temperature T = 900°C. Due to symmetry a quarter of the cross section is
shown. Figure 6a shows changes of the dislocation density in the centre of the sample during 2-step test.
Figure 6b shows flow stress for the 2-step tests with different interpass times.
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Figure 5: Distribution of the dislocation density ~ Figure 6: Changes of the dislocation density in the centre
at the cross section of the sample in 4 s after of the sample during 2-step test (a) and flow stress for
deformation. different interpass times (b), first strain ¢; = 0.4.

4. Conclusions

Multiscale model with FE in macro scale and IVM in micro scale was identified on the basis of the 2-step
compression. Numerical tests confirmed extensive predictive capabilities of the model as far as far as
prediction of metallurgical phenomena is considered.
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Modern complex engineering constructions and technological processes are controlled by using
sensors and actuators, which gather information and facilitate the adequate adjustment of construction or
process. The need of construction of sensors and actuators with the appropriate physical characteristics
stimulate the analysis of interaction between various physical fields, such as elastic, thermal, electric and
magnetic. Mathematical models of continuum mechanics, in which processes of interaction of several
physical fields are considered, are described by boundary or initial-boundary value problems for quite
complicated systems of partial differential equations on three-dimensional domains. Consequently,
investigation of the problems of continuum mechanics of this type is of crucial importance from practical as
well as theoretical point of view. Piezoelectric materials are one of the most common materials currently
being used and investigated for smart structures applications due to their direct and converse piezoelectric
effects, which permit them to be utilized as both actuators and sensors. The wide area of application of them
IS aerospace engineering, where most structures operate in changing thermal environments. Therefore, due to
their possible applications in the fabrication of smart and adaptive material systems, the study of mechanics
and physics of thermo-electro-magneto-elastic materials has attracted increasing attention.

One of the first rigorous theoretical model of piezoelectricity describing the interaction between
elastic, electric and thermal properties of thermoelastic body was constructed by W. Voigt [1]. Later on, W.
Cady [2] treated the physical properties of piezoelectric crystals as well as their practical applications. H.
Tiersten [3] studied problems of vibration of piezoelectric plates. A three-dimensional model of piezoelectric
body taking into account thermal properties of the constituting material was derived by R. Mindlin [4]
applying variational principle. Further, W. Nowacki [5] developed some general theorems for thermoelastic
piezoelectric materials. R. Dhaliwal and J. Wang [6] proved uniqueness theorem for linear three-dimensional
model of the theory of thermo-piezoelectricity, which was generalized by J. Li in the paper [7], where a
generalization of the reciprocity theorem of W. Nowacki [8] was also obtained. Applying the potential
method and the theory of integral equations D. Natroshvili [9] studied the problems of statics and pseudo-
oscillations with basic and crack type boundary conditions.

Note that the three-dimensional boundary and initial-boundary value problems with general mixed
boundary conditions for mechanical displacement, electric and magnetic potentials, and temperature
corresponding to the linear static and dynamical models of inhomogeneous anisotropic thermoelastic
piezoelectric bodies with regard to the magnetic field have not been well investigated. The well-posedness
results are mainly obtained for thermoelastic piezoelectric bodies consisting of homogeneous materials.

The present paper is devoted to the investigation of the linear three-dimensional boundary and initial-
boundary value problems with mixed boundary conditions corresponding to the linear static and dynamical
three-dimensional models of piezoelectric solid taking into account magnetic and thermal properties of the
material. We consider thermoelastic piezoelectric body consisting of inhomogeneous anisotropic material,
when on certain parts of the boundary density of surface force, and normal components of electric
displacement, magnetic induction and heat flux vectors are given, and on the remaining parts of the boundary
mechanical displacement, temperature, electric and magnetic potentials vanish. We investigate boundary and
initial-boundary value problems for coupled systems of partial differential equations corresponding to the
static and dynamical three-dimensional models of thermoelastic piezoelectric bodies with regard to magnetic
field, which consist of the linearized equations of motion or static equilibrium, equation of the entropy
balance and quasi-static equations for electro-magnetic fields, where the rate of change of magnetic field is
small, i.e. electric field is curl free, and there is no electric current, i.e. magnetic field is curl free. In the case
of thermoelastic piezoelectric bodies, which consist of several subdomains with piecewise continuous
parameters characterizing elastic, thermal, electric and magnetic properties of the body, the partial
differential equations corresponding to the static or dynamical three-dimensional models are given in the
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subdomains and along the common interfaces between the subdomains rigid contact conditions are fulfilled,
i.e. mechanical displacement and stress vectors, temperature, electric and magnetic potentials, and normal
components of the heat flux, electric displacement and magnetic induction are continuous. From the
differential formulations of the boundary and initial-boundary value problems we obtain integral equations,
which are equivalent to the original problems in the spaces of smooth enough functions, but require less
regularity of the unknown functions than in the differential formulations. On the basis of the obtained integ-
ral equations we present variational formulations of the static and dynamical three-dimensional problems in
the corresponding function spaces, which are Sobolev spaces for static problem, and spaces of vector-valued
distributions with respect to the time variable with values in Sobolev spaces for dynamical problem. In the
static case we determine the structure of the set of solutions of the homogeneous boundary value problem,
when the density of surface force, and normal components of electric displacement, magnetic induction and
heat flux vectors vanish. In the dynamical case we consider the set of solutions of the homogeneous
equations corresponding to electric and magnetic fields, when the density of electric charges, normal
components of electric displacement and magnetic induction, mechanical displacement and temperature
vanish. By applying the sets of solutions of the corresponding homogeneous problems we define the factor
spaces of suitable Sobolev spaces, which we use for investigation of the well-posedness of the three-
dimensional problems. By using variational formulation and Lax-Milgram lemma [10] with non-symmetric
bilinear form we obtain the well-posedness result for the boundary value problem corresponding to the linear
static three-dimensional model of thermoelastic piezoelectric bodies in suitable factor-spaces of Sobolev
spaces. By applying Faedo-Galerkin method [11], suitable a-priori estimates and compactness arguments we
prove new existence result for the initial-boundary value problem corresponding to the linear dynamical
three-dimensional model of thermoelastic piezoelectric solids in the corresponding spaces of vector-valued
distributions with values in suitable factor spaces of Sobolev spaces. Furthermore, an energy equality is
obtained, which permits us to prove the uniqueness result and continuous dependence of the solution on the
given data in suitable function spaces. If mechanical displacement, temperature, electric and magnetic
potentials vanish on the parts of the boundary with positive areas, then the corresponding homogeneous
boundary value problems possess only trivial solutions and we obtain existence and uniqueness results in
suitable Sobolev spaces. Note, that the proof of the existence of solution of the initial-boundary value
problem gives an algorithm for approximation of the solution of the three-dimensional dynamical problem
by a sequence of solutions of linear finite-dimensional systems of ordinary differential equations. The
methodology outlined in this paper can be used for investigation of various coupled problems in the
continuum mechanics and the construction of algorithms of their solution.
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1. Introduction

Additive Manufacturing (AM) process is a very fast and promising technique to build various very complex
prototypes and components directly in the industry. One can choose different techniques of AM like
Selective Laser Sintering (SLS), Fused Filament Fabrication (FFF) dedicated for thermoplastic materials or
Direct Laser Metal Sintering (DMLS) for powder metals, or Stereolitography Apparatus (SLA) for
thermosets. One of the most common techniques in AM are SLS and FFF for thermoplastic materials. The
complexity of the processes and the behaviour of the materials in specific environment have a strong
influence on the quality, strength and warpage of the obtained structures. The state of the art of the studies
indicates that morphology of the material and the crystallization processes influence the aforementioned
characteristics of the created components. The knowledge on the crystallization kinetics of polymers is
known since many years but it is still developing in order to get an adequate description of the behaviour of
the materials in isothermal and non-isothermal conditions. Furthermore, it is needed to predict the warpage
of manufactured components based on the virtual AM process in order to decrease the costs. The available
tools dedicated for FE analyses allow to increase functionality and implementation of own material models
and techniques to perform the customize simulations. Based on the theory and Differential Scanning
Calorimetry (DSC) results it is possible to predict the behaviour of the materials and start working on
simulation of the virtual AM process [1-4]. The extracted curves of the velocity of material crystallization in
temperature domain with different cooling rate obtained in FE simulations are shown in Fig. 1. The
simulated curves are confronted with the DSC experimental results.

2. Theoretical and experimental background

The crystallization kinetics theory describes the evolution of the degree of crystallization a(t) as a function of
time t and time-dependent temperature T(t). The models of crystallinity evolution include information on the
crystal nucleation and growth kinetics in the bulk of material. The general Avrami equation for the
isothermal crystallization reads [1].

1) a(t) =1-exp(—k(T)t")

The Avrami exponent n is equal to the growth dimensionality in the case of heterogeneous nucleation or to
the dimensionality increased by unity in the case of sporadic homogeneous nucleation, k(T) is the isothermal
crystallization rate constant dependent on temperature and the geometry of crystal growth [1-3]. Nakamura
expanded the isothermal Avrami equation for non-isothermal crystallization [2, 3].

) a(t)=1—exp| — @ K(T(z))d Tjn

Where K(T) is a crystallization rate function. The Nakamura and Avrami theories can be directly related to
the crystallization half time ti, expressed by the Hoffman-Lauritzen theory [5]. The material parameters
needed to be implemented in the crystallization model, such as the constants present in the function K(T),
glass transition and equilibrium melting temperatures, specific heat of melting, heat capacity and other are
determined from the DSC tests.

Based on the theoretical and empirical models of the crystallization kinetics and DSC results one can
implement the crystallization process of each of the analysed materials in the FE approach. The method is the
first step to predict structure formation during the AM process. The example of the curves of the velocity of
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crystallization obtained for the considered Polyamide 2200 at several constant cooling rates in FE
simulations is presented in Figure 1.
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Figure 1: The simulated numerically curves of the velocity of crystallization of Polyamide 2200 at several
constant cooling rates.

3. Implementation of polymer crystallization in the FE method

Available commercial finite element (FE) tools like Abaqus/SIMULIA offer to perform customization by
expanding the solver. The user-subroutines can be written and implemented to standard analysis in order to
calculate non-standard cases. The software dedicated to the prediction of the residual stresses and
temperature distributions is available on the market but it is limited to metallic materials. The user-
subroutines in Abaqgus system offer good alternative and allow to create models for various non-metallic
materials used in simulations of the AM processes.

In order to model the AM process for polymers and predict the progress of crystallization, the following
evolution equation proposed by Nakamura for non-isothermal crystallization [2, 3] is used.

n-1

da 1 )|
(3) e nK (T (t) 1~ a){ln(mﬂ

4. Further investigations

Crystallization of polymers has a strong influence on the strength and warpage structure obtained at the AM
process. Furthermore, the complexity of the material behaviour at crystallization under non-isothermal
conditions causes that the AM process is difficult to control and optimize. One has also to underline that after
addition of new layers during the component manufacturing, the last built layer is partially melted in order to
merge a new layer. It causes locally the change of material properties. The implementation of the
crystallization process in the FE computations makes the first step in the analyses of the residual stresses and
strength of the structures obtained during the technological tests.
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1. Introduction

Additive Manufacturing process is the most appropriate technique for fast creating mechanical components
and it allows for building complex parts which could not be created in traditional technology like injection
molding process. Many available tools allow to perform simulations of the Additive Manufacturing process
but based on these tools user can perform analysis regarding with process for metals, thermosets or
polymers. The analyses usually give information about the paths of created parts, temperature distribution
and residual stress for simple material models. Empirical investigations indicate that for semi-crystalline
polymers the crystallization kinetic has a strong influence on viscoelastic behaviour and consequently
residual stresses and warpage of the obtained built components.

The present investigation describes the dual crystallization kinetics model for considered thermoplastic
material PEEK and implementation whole process in Abaqus/SIMULIA software. The innovation of the
proposed approach is to interpreting G-Code, which is an input for real machines dedicated to AM. The path
and time of particular steps for process are extracted from the G-Code and they are included as one of inputs
for simulation. Extended programming using user subroutines will help for perform simulation of real
process of the additive manufacturing in order to optimize model before real production [1].

2. Dual crystallization kinetics model

The crystallization in polymers consists basically from nucleation and growth. Overall crystallization for
non-isothermal conditions is described by the Velisaris & Seferis in 1986 who expanded Avrami Model for
isothermal crystallization of polymers. Dual crystallization kinetics model quite good fits to experiments.
Volume crystallinity is presented in equation (1) which represents two connected crystallization processes
with respectively factors. The summation of the factors should be equal to 1 (2). Parameters from one curve
of the process corresponds to homogeneous crystallization, the second one corresponds to heterogeneous
crystallization. Each of the expressed process is described as (3). The proposed model describes non-
isothermal conditions for high temperature polymers like PEEK [2], [3].

(l) Xuc = Xmoo(wl * Fucl +W2 * Fucz)
) W, +w, =1
t
(3) F. =1-exp -CITxexp “Co S —ent"dt,i =1,2
Y 0 T'Tg +Tadd,i T(Tm,i _T)

3. Implementation of the printing process in Abaqus/SIMULIA

The implementation presented material model dedicated for PEEK was presented using Abaqus/SIMULIA
software. Dual crystallization model was presented in incremental version to better description in FEM.
Additionally, melting material model was implemented to simulate real behavior of the structure during the
adding new layer of the material on partially crystallized material. Basic information about printing process
is included in “G-Code” format file. Information from the G-Code file is translated to binary file where input
is source for written subroutine UMATHT and subroutine UEPActivation\Vol in Abaqus. The simulation is
performed according to real process (see Figure 1).
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Figure 1: Additive Manufacturing simulation based on paths generated from G-Code

The results are extracted from analyses in different cooling rate (see Figure 2).
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Figure 2: Temperature distribution (K) and crystallinity (-) with different heat of transfer measured at the
specific node.

4. Conclusions and further investigations

The investigations presents fundamental information about the crystallization of the polymers in non-
isothermal conditions and implementation in CAE softwares. The approach to the interpreting G-Code file
which is the same in real Additive manufacturing process is described. Based on the conduction of the same
process in simulation as in real indicates to optimize process parameters and orientation part in the chamber
in order to obtain part with required conditions. The presented simulations are the first step to calculate
warpage and residual stresses analysed structures and compare with real tests. Prepared approach will allow
performing mechanical simulations and improve quality manufactured structures made from polymers.
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1. Motivation

The mechanical properties of reinforced plastics in conventional or additive manufacturing are dominated by
the properties of the matrix material. These materials exhibit a rate-dependent behaviour. An accepted material
classification scheme depicts the rate-dependency in an equilibrium hysteresis when subjected to a relaxation
process on the load path [5]. This statement holds for various other classes of materials and can be weighted as
increasingly important for high-perfomance structural components under cyclic loading.

Secondly, a temperature evolution in specimens or components under cyclic loading is observed. An increased
temperature in the specimen can be attributed to external or internal heat sources or, which is the main subject
in this work, to dissipative phenomena in the material itself. The dissipative phenomena are basically related to
viscoplastic deformations.

As a matter of course in common loading regimes, the dissipation amount per cycle is small compared to the
stored total free energy. Nonetheless, the dissipated energy is transferred into heat, the dissipation process accu-
mulates and leads to a characteristic temperature evolution field. By including a temperature field measurement
in the procedure of material characterisation, we can exploit quantitative observations to improve and refine the
material model. Therefore a thermo-mechanically coupled analysis based on general principles from continuum
mechanics is introduced to study the effect of deformation mechanisms of different material classes.

The complexity in terms of low- and high-cycle fatigue of metals incorporating viscoplasticity has been widely
studied (e.g. [2]) and is nowadays transferred to new material classes like additive manufactured plastics. To
cover the different micro-mechanical phenomena the applied material models and the experimental procedures
to establish the set of material parameters need to be adapted. Additionally through the application of thermo-
graphy, the consideration of an evolving temperature field opens an opportunity to verify the chosen modelling
approach and creates further possibilities for proof [3,4, 6].

2. Governing principles and equations

General material models are represented by simple networks of basic material properties related to spring, fric-
tion or damper elements. A more differentiated network can always be reduced to one of the four main classes
outlined by HAUPT (see [5]). More importantly, the network representation gives hold of a main principle - the
additive decomposition of physical entities.

To incorporate an evolving temperature due to mechanical loading we start with the two fundamental laws of
thermodynamics. Eq. (1) shows the CLAUSIUS-DUHEM inequality for the one-dimensional case.

ey 5:10é—é+93—iq@20
0 08 " 0x

By the introduction of the HELMHOLTZ free energy 1) and the straightforward additive split in terms of stress,
strain and energies (see eq. (2)) according to the assumed network the implementation point of experimentally
motivated material models is achieved.

() ¢:wth+wel+wiso+¢kin+---
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Then the summands of the internal dissipation in eq. (3) are associated with network members as well.
(3) Omech = Ovis + Oiso + Opin + - .
Taking the yield condition and the flow rule for viscoplasticity into account, we need to solve a system of

evolutionary equations in a PERZYNA type formulation.

For a specific metal alloy under simple loading condition a deep theoretical quantitative discussion was pub-
lished in [1], whereas YU et.al. [7] apply this methodology to PA6 for up to 1 000 cycles and show a reasonable
agreement with experimental data.

3. Parametric study for experimental setup

With the presented study, the setup for our experimental investigations for different material classes and loading
definition are prepared. Suitable sensitivity analyses with respect to material parameters influencing the amount
of internal dissipation result in a better understanding for appropriate material models as depicted in Fig. 1.
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Figure 1: Sample temperature evolution for a viscoplastic material with hardening

Conclusions to the required IR-camera resolution will be drawn by discussing upper and lower bounds based
on idealized thermal boundary conditions. Strategies to identify the enlarged number of material parameters are
outlined.

The usage of a modern servo-hydraulic testing machine with climate chamber brings likewise an optimized
loading regime (e.g. load amplitude, load frequency or intermediate relaxation time) into focus.
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1. General

Molecular deformation and orientation in the amorphous phase subjected to tensile stresses strongly
accelerates crystallization of polymers by orders of the magnitude. Closed-form analytical formula is derived
for the crystallization rate under high tensile stresses in the entire range of crystallization temperature and the
temperature rates. Such formula, lacking in the literature, is needed for modelling of the dynamics of
crystallizing polymers processing and predicting structure development in obtaining highly oriented
materials of enhanced tensile modulus and tenacity. Rapid online crystallization strongly influences the
rheological behaviour during the processing and introduces coupling of crystallization with the processing
dynamics. Tensile stress affects the crystallization rate mainly by influencing the configurational entropy of
the chain macromolecules in amorphous phase. In our earlier publication [1], a series expansion approach of
the crystallization rate over the amorphous orientation factor has been considered basing on the Gaussian
statistics of configurations of linear flexible chains, limited to low tensile stresses and orientation. None of
the actually available models are capable to account for the effects of high molecular orientation in the
crystallization Kinetics.

In the present approach, non-Gaussian chain statistics is considered to account for finite extensibility of real
macromolecules in the amorphous phase under high tensile stresses which results in non-linear effects in the
model. The Hoffman-Lauritzen model of crystallization kinetics is extended to account for free energy of
deformation of the amorphous component under uniaxial molecular orientation produced by the tensile
stresses. The crystallization rate is considered as controlled by predetermined and sporadic nucleation present
in real systems. The involvement of both nucleation mechanisms in the crystallization kinetics varies
strongly with the level of tensile stress and amorphous orientation, with domination of sporadic nucleation at
high orientations. The closed-form analytical formulas are validated by computations. Example numerical
calculations illustrate influence of amorphous orientation on the crystallization free energy and the
crystallization rate function involving both nucleation mechanisms.

2. The model formulations

The progress of crystallization X(t) is controlled by nucleation followed by crystal growth, both
driven by the crystallization free energy affected by the tensile stress and orientation in the entire
crystallization temperature range. We use the crystallization rate formula in the quasi-static
approximation extended for the transformations under variable amorphous orientation factor fa(t)
and temperature T(t)

S = k[T () £, O)a- X - X )] "
where temperature- and orientation-dependent function K(T, fa) represents the rate of crystallization and is
inversely proportional to the crystallization half-time. fa characterizes orientation of the chain segments in
the amorphous phase and varies from zero at no orientation and unity at full uniaxial chain alignment, n is
the Avrami exponent. For the transformation controlled by predetermined nucleation, the K(T, fa) function
expresses by the linear growth rate of crystals, while for the processes controlled by sporadic, homogeneous
nucleation — by the product of the nucleation and the crystal growth rates. The orientation-dependent free
energy of crystallization Ag(T, f.) increases with increasing fa, and the thermodynamic barriers of nucleation
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and crystal growth are reduced the more, the higher is the orientation. The largest contribution of the
orientation, or the orienting stress, to the thermodynamic driving force of crystallization comes from the
decrease of the configurational entropy, dsa( f) <0, of v amorphous macromolecules per unit volume

Ag(T, f,)=Ag°(T)+Tas,(f,)

h/Na h/Na
where s, = vNk < J L‘l(x)dx> —< _[L‘l(x)dx> is the difference of the molecular entropies
0 W (h,t) 0 0

averaged over the distributions of the chain end-to-end vectors h under the stress at the instant of time t and
at the isotropic relaxed state, respectively, N is the number of statistical segments of length a in the
macromolecule, L(x) - the inverse Langevin function, k — the Boltzmann constant.

The orientation factor f, and deformation entropy Js. are calculated for distribution of chain macromolecules
in the fluid subjected to uniaxial elongational flow. Effectivity of the tensile stress on the orientation and the
deformation entropy in the flow is determined by the product ¢z of the elongation rate and a molecular
stretch relaxation time. Time-evolution of the molecular deformation is described by the coupled equations
for the chain extension coefficients 4 and A, along and perpendicular to the flow axis, respectively [2]

dA? dA’
d(t/7) d(t/7)

where E is the Peterlin modulus of non-linear elasticity of the system dependent on the average chain
extension coefficients which varies between unity at zero tensile stress and infinity at full extension of the
macromolecules. Analytical formulas are derived for the dependence of the orientation factor f, and the
deformation entropy dsa on the coefficients 4 and A, during the deformation time, t/z. The inverse Langevin
function is approximated by a series expansion with the first non-Gaussian term, L(x)= 3x+9x%/5, and by
a Padé approximation, L*(x)= x(3-x?)/(1-x?), valid in the entire range of the chain extensions. The values of
the deformation entropy Jsa vs. orientation factor f. coincide in a single master plot formula oJsa(fa),
independently on the elongation rate gz and the time t/z, but affected by the inverse Langevin function
approximations.

+[E(4,4,)-2q97]2* -1=0, +[E(4,4,)+q7]2 -1=0

3. The main results

For the Padé approximation, the master plot dsa(fa) is predicted for the entire range of the orientation factor f,
between zero and unity. In the range of low fa values, the master relation based on the first non-Gaussian
term approximation shows slightly better formula than that obtained basing on the Padé approximation, and
approaches the Gaussian limit at zero orientation. The closed-form analytical formulas approximate the
0sa(fa) master relation, one in the range of small and intermediate orientations (basing on the first non-
Gaussian term approximation) and second one for high orientations (basing on the Padé approximation).
The analytical formulas are very well validated by the exact computations of f, and ds, at various elongation
rates and the deformation times. The master relation can be expressed also in terms of the tensile stress, Ap,
with the use of the stress-orientation formula presented in ref. [3] for both molecular statistics. With the
0sa(fa) or 0sa(Ap) relations the rate functions K(T, f,) based on the Hoffman-Lauritzen model of crystallization
kinetics express in terms of f,, or Ap, for predetermined, as well as for sporadic nucleation. Conditions for
equal contribution of both nucleation mechanisms in terms of f, or Ap are defined.
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1. Introduction

The analyses of the modern cellular materials due to complexity of their internal structure require efficient
computer methods and codes. The new method that has been developed mostly in the last 10 years is
peridynamics [1, 2]. The developments resulted in highly parallelized code [3] that we use in our analysis.
The subject of the study are alumina foams produced by gelcasting method. The results of microtomography
of alumina foams are used to create the numerical model reconstructing the structure of foam skeleton. The
numerical simulations of failure strength under compression for alumina foams are performed. The
calculations with use of the numerical model are time consuming. Therefore, the simplified method of the
assessment of failure strength is proposed. The 3D model of the foam structure is created. The detailed
description of the model generation is presented in Nowak ef al. [5].

The numerical models of real Al,O; foam with porosity 96 %, and discussion of theirs mechanical properties
have been presented. The method of the assessment of failure strength of real alumina foam produced by the
gelcasting is proposed.

We attempt to present the mechanism of damaging of a crushable foam under impact.

2. Material model of solid alumina

We analyse a skeleton of a 3D ceramic foam that impacts a stiff wall with velocities 50 m/s and 100 m/s,
Figure 1 and Figure 2, respectively. The velocities are directed down along the Figures.

One of the most important aspects in numerical simulation of the material is to formulate constitutive
material model. The elastic part of deformation for solid alumina describes isotropic Hooke's law.

In terms of small deformations and when the stress level is much smaller than the elastic limit, the Hooke's
model is a good way to describe the behaviour of solid alumina.

Concerning the assumption that the damage is isotropic, the maximum reduced stress can be expressed as
follows, [4]

(1) ol =0, (1-D)

where the reduced stress is related to the non-dimensional damage variable D=4/4, where 4 is the damaged
area, and A, is the initial area. The variable D varies between 0 and 1.

3. Numerical results

We assume Young’s modules 370 GPa and Poisson’s ratio 0.22 and density 3.92g/cm3, see Nowak et al. [6].
The foam is discretized with 585897 points. The critical strain is 0.0005. We note gradual damage in the
samples in both Figures 1 and 2. An interesting observation is done in Figures 1 (¢) and 2(a). We find that
the maximum values of damage variable that are close to 1, form islands in the entire structure, far from the
attacking edge. It can be interpreted that stress wave phenomena play a role during this kind of process.
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(b) (©)
Figure 1. Damage advancement, impact velocity 50 m/s: (a) time instant 11.51E-08 s; (b) time instant
21.74E-08 s; (c¢) time instant 26.85E-08 s

: (a) ' (b) e (©
Figure 2. Damage advancement, impact velocity 100 m/s: (a) time instant 11.51E-08 s; (b) time instant
21.74E-08 s; (c¢) time instant 26.85E-08 s

5. Final Remarks

A numerical model for the open-cell ceramic foam structures is presented.

The increase of localized stresses and the brittle nature of ceramics cause the failure of some struts of
ceramic foam. For this reason the understanding of stress state in ceramic foam is necessary.

Several numerical simulations have been performed to analyze the influence of applied velocity on the
compressive strength of the considered alumina foam. The peridynamic modelling is applied to investigate
its dynamic damage process under axial compression. The results show that, it is the alumina ceramic phase
that makes the dominant contribution to the model’s damage due to its intrinsic brittleness.
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According to the title and the purpose of the conference we will display a possible tool to analyse
structures, mainly mechanical engineering ones. Being at a university, by the way, one of the oldest
and most famous one in Europe, let us mention also the clear scientific aspects of the problem:

- to develop the paint (coating),
- to work out the (mechanical) measurement method,
- to prepare the evaluating software of the problem.

There are three main trends in the up-to-date development of the solid mechanics, namely

- theoretical one,
- practical one,
- the effect of the new tools.

The TSBC in both sense, i.e. as a procedure and as a tool unites the above-mentioned trends,
purposes. On the other side, there are multi-lateral interactions among them. The theoretical basis is
the coupled fields, or generally the interdisciplinary. The practical ones are the

- new materials and

- fast(er) processes, i.e. impossible to neglect the coupling in both sense
- objects: heat & moisture,

- mode: conduction and convection.

The effects of the new tools are the following:

- numerical (IT, e.g. FEM, CAD, etc.),

- experimental (video, electrical analogy, etc.),

- there are interactions among these:

- experiments -> numeric, e.g. analogy -> calculations,
- FEM -> experiments.

Returning to the scientific basis, i.e. to the fast processes of the thermomechanics (TM), it is clear
that a well elaborated theory (fast TM as a part of the thermo-hygro-mechanics [THM]) makes
possible the practical application and the latter one needs further theoretical basis. It is a really
exceptional example of the symbiosis between theory and practice, in other words research and
engineering.
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The paper deals with the above-mentioned problems based mainly on the following references:
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1. Introduction

The presence of walls has naturally influence on the flow of fluid. Within the fluid layer, located in direct
vicinity of the solid wall (called the wall layer), significant gradient of velocity, species and temperature are
found. Together with the increase of the turbulent kinetic energy or rate of catalytic reaction, related to the
Reynolds stresses and large gradients of the mean fluid velocity, the flow becomes more turbulent and the
variety of different “jump” phenomena like slipping, rolling, spin-slipping, surface mobility, surface friction,
thermo-porosis, etc. can occurs [1,2,3]. However, in some special applications, for example, in microfluidic
and nanofluidic devices, where the surface-to-volume ratio is huge, the slip velocity behaviour obtain visible
influence, and therefore a sort of “slip” hydrodynamic boundary condition should be used [4,5]. Regardless
the slip physical mechanism, the degree of slip is normally quantified through the slip length, the slip velocity,
the temperature jump, concentration jump, and other typical for the specific phenomena [1,2].

This work is focused on the theoretical presentation of fluid-solid interaction model with surface
friction forces on of those surprising phenomena that is surface effect in shear stress enhancement due to micro
or nanoflows. Some kind analogy for increased rate of reaction due to catalytic properties should be considered.
As well analytical as numerical analysis can be conducted to find enhancement of mass flow rate and to find
others effects important in vicinity of surface. The main assumption of this paper is that this phenomenon is
completely governed by a contact interface between a solid surface and gas. Thus, from a viewpoint of
mathematical modelling, the friction forces should be understood as some kind of “boundary conditions”
problem. Similar consideration should be introduced into surface chemical reaction, because solid body is
treated as catalyst, for example: thin foils of alloys based on intermetallic phase NiszAl [3].

2. Navier-Stokes boundary condition

One of the methods to model the wall layer is the use of a ,,wall function”, which omits calculations
of the viscous sublayer where the influence of the viscosity is the greatest and only half-empirically
approximates the phenomena occurring between the wall and the fully turbulent layer. However, in microscale
and nanoscale, there should be assumed that classical linear (laminar) models of friction forces should be
enhancement by adding adherence part and non-linear (turbulent) part of friction. Therefore, the friction force
possesses three known contributions: Duhem, Navier and du Buat [1,5]:

1) f. =vp (p— w)es + v(V = Vyay) + Vp(V = Viya)’ef

where: the internal (Euler) and the external (Stokes) pressures p and w, respectively; the slip versor is defined
as: ef = (V— Vyau)/IV—"vyaqul and vp,v,vg are three friction coefficients [Duhem, Navier, du Buat,
respectively] which are dependent simultaneously on the materials of the fluid and solid surface. The skin
friction force f,. appearing between contacting fluid and solid materials is some additive function of powers of
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the slip [relative] velocity: vy = v —v,,,; . Therefore, force of isotropic friction is a composition of three
parts: the adherence dry friction, the Navier linear friction v and the kinetic friction. However, the most
important is the Navier friction force f,. = fy = vvg which is a parallel to the slip velocity v,. The coefficient
v iscalled the “external viscosity”.

From mechanical point of view, the boundary conditions related to the bulk equation of fluid motion
[linear momentum balance], becomes “the surface layer equation of motion”. In a solid-fluid surface the
separate equation of motion appears. Besides the classical ‘bulk’ behaviour, wall stress also appears to
introduce new quantities such as surface friction force, surface mobility force, surface flux of momentum, etc.
[3,4]. In the literature concerning the force boundary condition there are founded by hypothesis of Young
asserts that there is no any external friction between a fluid and a solid wall then in a contacting point :

2 Twiriuid = Twisolid

Non-standard wall function is connected with the boundary condition therefore consistencies of boundary
condition could be simply recognized if we compare the internal and external coefficients that appear in the
model:

(3) Twlfluid =pn= (#ol + .ud + .uzdz)n =Vp (P - w)ef + V(V - vwall) + VB(V - Vwall)zef :

where: d = %(gradv+ grad” v) - the rate of deformation, the adherence part uyI , the Navier linear or

nonlinear dynamic viscosity u and the turbulent viscosity u,. Additionally, it should be mention that n is the
unit normal vector on the boundary surface and I means unit tensor (Gibbs’ idemfactor). The proper definition
of Tysoiia 1S t0 be defined.

3. Summary

The consistency of presented model can even be extended on chemical reaction cases with enhanced properties
of the solid surface for example in case on intermetallic phase NisAl. The flow of a fluid mixture is
characterized by an effect of concentration jump, which occurs particularly when the reacting mixture is
considered, and channel walls have catalytic properties. Therefore the discontinuity of concentration may take
place in the direction normal to the boundary, similar to the velocity slip. The model for the concentration
boundary condition proposed by Lewis can be implemented in analogy to surface effects in shear stress
enhancement due to micro or nanoflows.

Acknowledgments The authors acknowledge the financial support of the National Research and Development Centre in
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intermetallic phase NisAl with high activity thermocatalytic in the field of purification of air from harmful substances or
controlled decomposition of hydrocarbons”.
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1. Introduction
Here we present the previously underrepresented contributions of Ladislavus Natanson to the field of

thermodynamics. We focus on the mathematical reconstruction of a few of his principal ideas that until now
have been neglected by the literature. To set these ideas in proper epistemological order, we thought it would
be valuable to first revalue and reconstruct some missing parts of the proceedings process by Natanson
constructed their thermodynamics. We also aimed to present Natanson’s achievements against the background
of modern continuum mechanics, exemplifying old but still relevant approaches. We propose that Natanson’s
ideas were ahead of their time by about one century. Give that scientist was educated in the scientific royal
way: chemistry, through mechanic of solid and fluid, thermodynamics, electro-chemistry, electrodynamics,
early quantum and relativistic mechanics, we can closely compare their conceptions and solutions. Natanson
was in strong opposition with Newtonian mechanisms, the Maupertuis least action principle formed the basis
of his activities, which they were developing as a sum of elementary quantum actions.

2. Natanson’s nonlinear extended thermodynamics

Ladislavus Natanson initial interests were focused on the Maxwell kinetic theory of gases, which was
the subject of his doctoral theses [1] prepared at Dorpat under the supervisor of professor Arthur von Oettingen.
In 1890, Natanson (now 26-years-old) and living in Warsaw produced his first book, entitled “Introduction to
Theoretical Physics” [2]. This book was wholly original and the few last chapters were completely novel,
containing an introduction to extended thermodynamics in a fully three-dimensional framework. According to
Maxwell, Natanson introduced the use of two kinds of velocity vectors: molar u and molecular ¢ [3]:

1) u+c=(uex+vey+wez)+(§ex+ney+§ez)

Taking into account the body force f Natanson, repeating Maxwell’s original reasoning [4], was able
to extended Maxwell fundamental equation [2]:

2) %(6n)+div(n@)+div( )Qn= (Qn)+ n(f (;—SJ

That is now the well-known starting point for the kinetic theory of gases. By repeating extending

Maxwell’s reasoning, step-wise, Natanson obtained a set of evolution equations for different balanced
quantities Q (topological charges). By firstly taking Q = m and the following identities [5] :

(3) c®Q=mc=0, Qn=p, Q=m,
Next, by setting (3) into (2), a non-conservative form of the fundamental equation was obtained
[6,81,eq.5]:

4) p%5+diV(pC®Q) Pt Q p[ iQJ

where the d’Alembert-Euler material derivative is defined as: (% ()x —const = % (-)y—const +9rad () u
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In order to identify a source of irreversibility at Nature, Natanson introduced the concept of Coertia,
which is similar to inertia. Natanson’s Coertia is a fundamental property of space that is responsible
for every irreversible phenomena in matter, as well as in the electromagnetic and gravitational fields.
Owing to this concept, the irreversible changes proposed in the Maxwell procedure can be described
with appropriate relaxation times as [7]:

o q o p o . j
5 —Qq=-— , —p=-—, —j=-—

where 7q:7p,Tj are relaxation times for heat, momentum and mass fluxes.

i
By looking at the Maxwell procedure of finding moments of the fundamental equation, Natanson
quickly realized the necessity for cutting of the moment, hereby setting appropriate closure equations.

He proposed the following logical structure: taking Q as a balanced quantity and the f, fluxof Q
and F, as a super-flux of f,, the set of equations were determined [6]:

= Balance equation
o= .
(6) EQ +divfy =0
= Evolution equation f,
0 1 :
= Algebraic clousure for F,
(8) Fo =a’gradQ
= Resulting equation for Q

=~ 10~ 5. =\
(9) a?Q +;EQ—a dlv(gradQ)_O

In Natanson’s opinion, the above governing equation describes a whole real phenomena of nature,
where reversibility is entangled with irreversibility by the relaxation time only. Thus, if 7, =

(inertia), it is a case of reversible, while if 7, =0 (coertia) it is an irreversible phenomenon. More
information about Natanson’s nonlinear extended thermodynamics can be found in works [8-10].
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1. Introduction

For description of thermal behaviour of metal films exposed to ultrashort laser pulses a two-temperature heat
theory was introduced, cf. [1] - [4]. The theory involves the electron temperature 7, and the lattice tempera-
ture 7,. The energy transferred by electrons to lattice per unit volume of the crystal per unit time is propor-
tional to the difference T, — 7’,. Mathematical properties of the theory were discussed in [5] and [6]. The
problem has analogies in the diffusion theory (two-level diffusion of enzymes) and in viscous flow through
non-homogeneous porous media with components of different porosity, [7].

2. Basic heat equations

Consider an elastic solid body B (a crystal, in particular a metal) irradiated by a laser pulse. Emerging of
equilibrium between electrons and lattice in a crystal is realized by a relaxation process. During the relaxation
processes crystal must be looked upon as a two-temperature system. The heat energy transferred by electrons
to lattice per unit volume of the crystal per unit time is

2

) a(Te —T,) with ax T

where T, = Te(z, t) is the electron temperature and 7}, = 7T}, (x, t) - the lattice temperature, both being functions
of the position x and time t. Moreover, s denotes the velocity of sound, and 7, is the electron relaxation time,
which can be regarded as a function of the electron temperature 7;. The expressions (1) are valid, when the
temperatures 7, and 7, are much greater than Debye’s temperature. Since, in this case 7, o 1/7T, the heat
transfer coefficient « is independent of the temperature.

Estimates based on the electrical conductivity of metals give values of o of the order 10'° J/(cm?® s K). If the
specific heat of the lattice is c,, the relaxation time for the phonon temperature is of the order of ¢, /o ~ 10719,
For laser pulses of shorter duration, the violation of equilibrium between the electrons and lattice becomes
important.

The heat energy balance equations for the metal absorbing the laser pulse has the form

oT,
ce(Te) 8te =N AT, — o (T, — T) + 7(x, t)
@ oT,
ca(Ta)a—ta = M AT, + (T, — Ty)

where A denotes the heat conductivity coefficient, and the function r(x, t) describes the energy brought by the
laser pulse. The symbol A denotes Laplacian.
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3. Thermal deformations and stresses

We shall regard as the non-deformed state the state of the body before applying the heat source and consider
deformations which accompany changes in the temperature of the body T, — Tp. The stress tensor is, cf. [8].

2 . . 1
3) oy = 2pug + | K — 3 ) uu 0ij — (T —Tp)ds;  with  u;; = E(uw + ;)

and (u;) = w is the displacement in the elastic body. Moreover, K is the bulk modulus (modulus of hydrostatic
compression) and p is the shear modulus (modulus of rigidity). The coefficient v = 3K ar, and at is the
thermal expansion coefficient of the body. The equation of motion reads

0%u 1
) pW:ZuAuq— K+§u V(V-u) VT,

and V stands for the gradient operator.

In this study we solve a Danilovskaya problem for the new heat procedure, when the thermoelastic phenomenon
is induced by a radiation pulse by two step action, 7, — T}, — the stress, cf. [9,10].

4. Applications

Description of laser - matter interaction may be useful in industrial applications, such as cutting, welding,
material heat treatment.

In spectral analysis, arisen by the photothermal mechanism, the photoacoustic signal is useful in measuring the
light absorption spectrum, particularly for transparent samples where the light absorption is very small.
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1. General

Quantum dots (QDs) are often grown with a periodic distribution within a piezoelectric matrix (barrier). An
example of such quantum structures (QSs) is shown in Figure 1. The initial misfit strains within the embedded
quantum dots stemming from the lattice mismatch between the QDs and the surrounding matrix result in the
electro-elastic fields within both the QDs and the barrier. The lattice mismatch provides the needed driving
force for the generation of the self-organized QDs during Stranski-Krastanov growth mode via molecular beam
epitaxy (MBE). This intrinsic strain field, which affects the interatomic distances and consequently alters the
energy level and the bonding electrons, influences the electronic and optical properties of semiconductor crys-
talline QDs [2]. Therefore, an accurate determination of the strain field associated with QSs is beneficial for
predicting the creation and evolution of semiconductor QSs as well as the design of optoelectronic and micro-
electronic devices. It is well-known that, if the principal feature of interest is to model the nanoscopic variation
of field variables within solids, the size independent classical theory cease to hold. For enhancing the solution,
the employed theory must be capable of capturing not only the size effect, but also resolve the strain gradient
across the interfaces with sufficient accuracy. To this end, a mathematical framework for the calculation of the
electromechanical fields associated to electro-elastic inclusions with an arbitrary distribution of eigenfields -
eigenstrain field, e*(x), eigenstrain gradient field, n* (), eigenelectric field, E*(x), and eigenelectric gradient
field, C*(x)- in grade 2 piezoelectric media is developed.
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Figure 1: A sample of periodic distribution of semi spherical inclusions within a piezoelectric barrier in solar
cells.

2. Formulation

In the absence of body forces and electric charge density, the equilibrium equations and charge equation of
electrostatics are given as [1], [3]

(1a) (tij — Mijkk),j =0,
(1b) Di; = 0.

236



Session: Coupled fields in nanostructures and continua Abstract P131

Respectively, where t is Cauchy stress tensor, p is the double stress tensor, and D is the grade 2 electric
displacement tensor. The presence of a given distribution of eigenfields is conveyed to the above equations
through the field quantities t, u, and D.

3. Numerical results

For illustration, consider a periodic distribution of spherical inclusions within a piezoelectric barrier. Assume
that the direction of polarization coincides with the x3 axis. Let the spheres have radius, R= 3 nm and period
of distribution 12 nm in 1 —, x2—, and xz3— directions. For convenience, suppose that the elastic behavior of
the medium is isotropic, while it is transversely isotropic with respect to its piezoelectric properties. Moreover,
let €7 () = d;; inside each sphere and € (x) = 0 outside the sphere. Under the above mentioned assumptions,
the strain component €33(0, 0, z3) has been calculated and plotted as a function of z3 in Fig. 2. In this figure,
l1 is a characteristic length of the piezoelectric medium. The case of /1 = 0 corresponds to classical piezo-
electric material. Figure 2 shows that the gradient effects in grade 2 piezoelectricity are more notable near the
boundaries and the jump of e33(0, 0, x3) is decreases by increasing the gradient effects (/7).

- ==~ [=0A° grade 1

— /1=1A0
—— [Z2A0 grade 2

e [ 4N

strain

X,

Figure 2: Variation of €33(0, 0, x3) versus x3 associated with the spherical QDs.
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1. Introduction

A bulk of mechanical integrity analyses of machinery components employ the classical Huber-Mises-Hencky
plasticity theory to define the equivalent stress and describe the plastic response of materials [1]. This theory
assumes that the mean stress has no effect on plastic flow and the material is incompressible in the plastic
regime. The classical definition of equivalent stress based on the second invariant of the deviatoric stress
tensor J, neglects the strength differential effect, i.e. the difference of yield stresses in tension and
compression, which was experimentally found in many materials [2]. For materials exhibiting this effect, a
better match of theoretical predictions with experimental stress-strain curves was found when Burzynski
yield condition was applied. According to the Burzynski hypothesis, the measure of material effort defining
the limit of elastic range is a sum of the density of distortion elastic energy and a part of density of dilation
elastic energy [3]. The first contribution is related with the Huber-Mises-Hencky (HMH) equivalent stress,
while the second part is mean stress dependent. The resulting definition of equivalent stress o explicitly
includes the yield stress in compression af and tension a; by their ratio k = af / 0; and reads [4]

(1) - =i[3(k—1)0'm 9k -1202 +4k0'62},

where g,,, is the mean stress and o, is the Huber-Mises-Hencky equivalent stress.

2. Experimental investigations of 2CrMoV steel

High-temperature rotors operating at temperature below 540°C are usually made of 2CrMoV creep-resistant
steel of martensitic microstructure. Round specimens made from this steel were used in uniaxial tensile and
compression tests conducted at room temperature. Tensile tests were performed on 6 specimens having
gauge length L, =35 mm and diameter dy = 7 mm. For compression tests also 6 specimens of gauge height 4,
= 18 mm and diameter dy = 12 mm were prepared. Average stress-strain curves at tension and compression
obtained from the tests are presented in Fig. 1 which clearly shows significant differences between the two
curves in plastic conditions. The measured yield stress at tension was O'; = 727 MPa, while at compression

reached gy, =798 MPa, which results in their ratio £ = 1.1.
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Fig. 1. Stress-strain curves of 2CrMoV steel at tension and compression.
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3. Numerical analysis of steam turbine rotor

The material effort of a steam turbine rotor subject to thermo-mechanical loading was investigated by
performing transient finite element analysis. Linear elastic material model was adopted together with
temperature-dependent material properties and nonlinear thermal boundary conditions. Variations in time of
the mean stress and the equivalent stresses evaluated at the circumferential U-groove using both hypotheses
are shown in Fig. 2. The Burzynski stress was calculated assuming constant yield stress ratio £ = 1.1. For
most of the time, the Huber-Mises-Hencky stress is visibly higher than that obtained with Burzynski
hypothesis and their ratio attains 1.16. In this phase, the mean stress is negative and lower than 1/30,, but
when it exceeds this limit, the Burzynski stress becomes slightly higher and the stress ratio does not drop
below 0.97. The operation phase when the mean stresses are negative corresponds to the rotor heating-up,
while the positive mean stresses are present in steady-state and during cooling down phase. Thus, high
compressive stress states reduce the material effort and due to the strength differential effect allow for higher
HMH stresses during heating-up without adversly affecting the rotor material effort and damage. This is of
high practical importance as the rotor heating-up takes place during turbine start-up and more accurate
determination of the equivalent stress can allow for better utilization of material strength and result in a
reduction of start-up time.

Time [s]
0 5 000 10000 15000 20 000 25000 30000 35000 40000

Stress [MPa]

——Huber-Mises-Hencky
——Burzyriski

——Mean

Fig. 2. Variations of equivalent stress evaluated using Huber-Mises-Hencky and Burzynski hypotheses.

5. Summary

The existence of strength differential effect in 2CrMoV rotor steel was prooved experimentaly and its
positive effect on the material effort was shown by numerical simulations of the rotor during transient
operating conditions. The measured magnitude of strength differential k£ = 1.1 results in the equivalent stress
ratio reaching a maximum of 1.16 at the circumferential U-groove during the compressive phase of the cycle.
Thus, the use of Burzynski hypothesis allows for better utilization of material strength provided that the
strength differential effect is experimentally confirmed.
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1. Introduction

It is very important from a practical point of view, to develop new and accurate methods of measuring the
rheological parameters (viscosity n, elasticity u and density p) of plastics and polymers. New materials require
new methods of measuring their rheological parameters. To evaluate the rheological parameters of plastics so
far mechanical methods are used. These methods are cumbersome, outdated and destructive. The use of SH
(Shear Horizontal) surface Love waves, to evaluate rheological parameters of polymers, does not possess these
disadvantages. The objective of this work is to establish a mathematical model of propagation of Love waves
in layered elastic waveguides covered on their surface with viscoelastic materials described by different
viscoelastic models, i.e., Kelvin-Voigt, Newton and Maxwell models. To this end, we developed a complex
dispersion equation for Love waves propagating in loaded waveguides and performed numerical calculations.

2. Physical model

Dispersion curves of the Love wave, i.e., the dependence of the phase velocity and attenuation on frequency;,
result from solution of the boundary value problem (called the direct Sturm-Liouville problem). Love waves
propagate in layered structures, e.g., in elastic waveguides composed of an elastic surface layer rigidly bonded
to an elastic substrate. The top of the surface layer x, = —D is loaded with a viscoelastic medium, see Fig.1.
Love waves, propagating in isotropic waveguides, have only one SH (Shear Horizontal) component of
vibrations us, polarized along the axis x5 that is perpendicular to the direction of propagation x; .

— — — |— Vviscoelastic — — —
_ut-DL _medium (G, m) _

o fﬁ'j:trlc PMMA Fig.1. Lossless (elastic) Love wave
= waveguide (surface layer plus substrate)
b, slastc . Quartz loaded at the surface x, = —D with a

lossy viscoelastic medium of the shear

% modulus G and viscosity 7.

3. Rheological models of viscoelastic media

We chose 3 models for the viscoelastic media, i.e., Newton, Kelvin-Voigt, and Maxwell models, that load the
surface of the Love wave waveguide. For time-harmonic waves, using constitutive equations for the 3 visco-
elastic media considered, we obtain the following 3 formulas for the complex shear moduli c%, of elasticity:

a) Newton model: (1) cky = —jown ; where: 7 is the viscosity of the viscoelastic medium,

b) Kelvin-Voigt model: (2) cky = G —jon = G(1 — jtand) ; where: G is the elastic shear modulus, and

n is the viscosity of a viscoelastic medium, tané = wn/G, and
2

(wT) —jG wT

¢) Maxwell model: (3) k=G rwvowY ook

where: T = n/G is the relaxation time.
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4. Complex Dispersion Equation for Love Waves

The complex dispersion equation for Love waves that propagate in the waveguide structure from Fig.1 is:
4) sin(qD) - {(u1)? - q* — pz b Ay - cfy} —cos(qD) " py - q {uz b+ A1 - ciy} =0

where: complex pairs of quantities (u,, b), (41, q), and (A4, ck,) correspond to the substrate, surface layer and
the loading material, respectively, and j = (—1)/2. The above equation is a nonlinear transcendental algebraic
equation for the complex propagation constant k = k, + ja as unknown. Solving equation 4 (the solution is a
pair (ko, «)) allows for determination of the phase velocity of the Love wave v = w/k, and the imaginary
part a of the complex wavenumber k that represents the attenuation in Np/m of the Love wave per unit length.

5. Dispersion Curves of Love Waves

Numerical calculations were performed for the waveguide structure shown in Fig.1. The substrate is Quartz
(ST-cut 90° X) and the surface layer is PMMA poly(methyl methacrylate). The frequency of the Love wave
varied from 1 to 1000 MHz. Thickness D of the surface layer equaled 0.1 mm. Losses in the PMMA layer and
Quartz substrate were neglected. The only source of losses is the viscosity of the viscoelastic medium.

Attenuation Curves
In Figure 2 the attenuation of Love waves, in the range of frequencies; from 0 to 1000 MHz is presented.

10004
—— Kelvin-Voigt

 Newton Fig.2. Attenuation of the Love surface wave,
e propagating in a lossless elastic waveguide,
loaded with 3 different types of lossy
viscoelastic materials, i.e., Kelvin-\Voigt,
Newton and Maxwell. Low, medium and
high frequency limits: tand € [0.127 —
127],G = 5-10*Pa, n = 1 mPas.
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6. Conclusions

The theoretical analysis and the results of numerical calculations presented in this paper reveal that the
attenuation of the Love wave reflects directly the viscoelastic properties of the loading material described by
Kelvin-Voigt, Newton and Maxwell models. Namely:

a) in the low frequency limit tand <« 1 the attenuation of the Love wave due to the Maxwellian liquid
and that due to the Newtonian liquid are almost the same (see Fig.2)

b) in the high frequency limit tand > 1 the attenuation of the Love wave due to the Kelvin-Voigt material
and that due to the Newtonian liquid are almost identical (see Fig.2).

The results of this study should be useful for designers and scientists working in geophysics, microelectronics
(MEMS, biosensors, chemosensors), mechanics of materials and biomechanics.

Acknowledgment: The project was funded by the National Science Centre (Poland), granted on the basis of Decision
No. 2016/21/B/ST8/02437.
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1. Introduction

The dynamic development of technology and civilization requires constant search for new materials with
appropriate functional and mechanical properties. Meanwhile, the key problem of material engineering
remains the solution to the conflict between high strength and fracture toughness [1]. A need to improve the
first property lowers the latter. It is worth looking at how Nature solved this issue. One of the more interesting
example are shells of molluscs. On the path of evolution lasting millions of years, these animals have produced
material not only of significant strength and fracture toughness, but also light and functional. This result all
the more deserves attention because the components used for construction, calcium carbonate (calcite and
aragonite) and proteins, are weak. The source of unique mechanical properties lies in a hierarchically complex
structure. The most of molluscs, about 90% species, prefer crossed lamellar structure. Usually, it is constructed
on three levels. The first order structural unit is a lamella with dimensions of a few millimetres. Inside it, there
are parallel stacked laths (2-nd order lamellae). These, in turn, consist of parallel fibres with a thickness of less
than 1 micron (3—rd order lamellae). It turns out that the successive first order lamella, adjacent to the consider
one, is built analogically, but the fibres are rotated by 90 degrees. In this way, the 0°/90°/0° cross system is
obtained. The above described structure is embedded in organic matrix. Thus, the shell is not built in a chaotic
manner, but carefully thought out, in accordance with the design of Nature. The question arises what
mechanisms to improve mechanical properties are included at the lower scale levels: micro and nanometric
one. Despite many works on this subject, a complete answer is still missing [2]. The solution to the formulated
problem is important because it can be a biomimetic basis for creation of new materials exhibiting unique
mechanical and functional properties. The purpose of the present work is to identify and analyse the mutual
orientation (disorientation) of crystallites in calcite layers of shells of two molluscan species Pinctada
margaritifera and Pinna nobilis. The obtained results shed new light on the mechanical response of the shell
subjected to an external load.

2. Experiment and analysis

The investigation of shell microstructures is performed by means of electron backscatter diffraction (EBSD)
method. It turns out that the considered species of molluscs prefer a strictly defined set of disorientations. They
are defined by means of an axis around which the rotation by a certain angle generates the crystallite adjacent
to the considered one. Among disorientations with high frequencies (Fig. 1 and Fig. 2), there are twins typical
for the synthetic calcite (T1, T2, T3) [3], as well as two others of which one (T’3) is new and has not been shown
in the literature so far.
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Figure 1 Inverse pole figure (IPF) map (A) and axis/angle misorientation distribution function (B) of the Pinctada
margaritifera.
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Figure 2 Inverse pole figure (/PF) map (A) and axis/angle misorientation distribution function (B) of the Pinna nobilis.

To explain the observed regularities, we have examined how the energy of the phase boundary calcite/ calcite
changes when one of the crystallites is rotating. The exact determination of this quantity for a large,
representative number of disorientations is very difficult and computationally expensive, due to the complex
interatomic interactions at the boundary [4]. Therefore, the approximate approach proposed by Gautam and
How [5] is used. According to their method, the interfacial energy decreases with the increasing total intensity
I contained in the overlapping regions diffraction reflections from two phases [6]. Calculations carried out for
the calcite / calcite phase boundary show a very interesting distribution of the total overlap intensity / (Fig. 3)
There are clearly visible energetically favourable disorientations, i.e. those for which the interface energy
achieves local minima. It turns out that the distinguished mutual orientations of crystallites are pairs of twins
generated by means of two-fold axes related to each other by a mirror plane (1 0 -1 0). As a result, we get two
disorientation groups. One of them are twins characteristic of the synthetic calcite, and the latter one are their
counterparts with higher interface energy. The identified disorientations are strongly preferred by the studied
molluscan species.
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Figure 3 Total overlap intensity as a measure of the interfacial energy

3. Conclusions

The bio-composite structure of molluscan shells is highly ordered not only at the macro level, but also micro
and nanometric. It has been shown that crystallites of calcite layers are not randomly oriented but in such a
way that form low energy boundaries. As a result, there arise twins typical of calcite and their counterparts
with slightly higher energies. The formation of this second group of twins is a deliberate effort of Nature. The
external load applied to the shell causes crystallite rotation. As a result, the boundaries with higher energies
transform into those with lower energies. This process enables dissipation of energy and thus becomes one of
the mechanisms that Nature has invented to increase fracture toughness.

Acknowledgments This work was supported within the framework of the statutory research No. 11.11.130.375
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Abstract.

The heat transport in non-metallic micro- and nanostructures is predominantly due to phonon processes, and
therefore it can be analysed in terms of a flow of a phonon gas. Phonons are quantized lattice vibrations
characterized by wave-vectors k from the first Brillouin zone and by the k dependent frequency ®. For
simplicity, a single-branch phonon model is adopted, and consequently phonon polarizations are neglected.
The dispersion relation w(k) together with the relaxation times associated with normal and resistive phonon
scattering processes determine the behaviour of a phonon gas.

According to [1, 2, 3], the commonly used linear isotropic approximation of the phonon dispersion relation
o(k) = c |kl employed in the phonon gas hydrodynamics leads to the constant speeds of thermal waves
propagating into the region in thermal equilibrium. This contradicts the experimental results on the second
sound propagation in solids. The dependence of the second sound wave speed on the sample temperature has
been analysed in [4].

The nonlinearity of the phonon dispersion relation significantly influences the thermal properties of micro-
and nanostructures. Several forms of the nonlinear phonon dispersion relation w(k) have been suggested for
various structures and substrates in the literature, motivated either by empirical data or by the first-principle
calculations. In micro- and nanostructures, the wave-type heat transport has been observed at low and
elevated temperatures with temperature dependent propagation speeds. Hence, the phonon gas
hydrodynamics employing the linear isotropic approximation of phonon dispersion relation seems to be
inadequate in such cases.

The four-moment phonon gas hydrodynamics involving a nonlinear isotropic phonon dispersion relation
o(k) = o(lkl) and the maximum entropy phonon distribution function has been proposed in [1], and further
developed in [5]. The governing conservation equations for energy and the quasi-momentum (understood as
a vector internal state variable) are determined by the entropy function and by the additional scalar potential.
Both, the entropy function and the additional potential are given by integral formulae involving the nonlinear
isotropic phonon dispersion relation. Approximation of the finite domain of phonon wave-vectors by whole
space R eliminates the additional potential and simplifies the form of conservation equations. For this
approximation, the propagation of the waves of weak discontinuity into the region in thermal equilibrium has
been analysed in [6], and the dependence of the wave speeds on the temperature in a region ahead the wave
front has been determined.

In order to compare predictions of the theory derived in [5, 6] with the second sound experimental data [4],
the nonlinear isotropic phonon dispersion relation |kl = w ¢? (1+b ®?) proposed in [7] is adopted. For the
values of the parameters ¢ and b for NaF and Bi given in [7, 8, 9, 10], the dependence of the speed of weak
discontinuity wave on the temperature ahead the wave front has been calculated and compared with the
experimentally measured second sound velocity as a function of the sample temperature [4], and with the
calculations based on the alternative second sound theory given in [11, 12]. Our results are in good
agreement with the experimental data as well as with the predictions of [11, 12], and show that the
nonlinearity of the phonon dispersion relation plays the crucial role in the effect of temperature dependence
of thermal wave speeds.

In the same way, other nonlinear isotropic phonon dispersion relations proposed in the literature for specific
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nanostructures can be used in the phonon gas hydrodynamics given in [5, 6]. Moreover, this hydrodynamics
can be easily reformulated for two-dimensional non-metallic materials.
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1. Introduction
Stacking faults are the special regions of the crystal structure that exhibit non-uniform structure and
diversified stability. Energy of this defects determines configurations of dislocation cores and type of
predominant plastic deformation mechanism. In this study we focus on the generalised stacking fault
energy computations of multi-slip-system hexagonal Ti alloys in the context of solution strengthening
effect and the atomic as well as electronic structure identification of the analysed planar defects.The
far reaching goal is to provide the physical basis and theoretical infrastructure to answer the still
unresolved question concerning the initiation of a micro-shear band in metallic solids.

2. General

The solid solution strengthening of a-Ti was investigated in respect of dislocation nucleation and
dissociation in all four active glide modes. A series of Ti+X alloys (X = Al, Sn, V, Zr and O) was
selected to analyse the impact of solute valence structure (Al, Sn - p type elements, V, Zr - d type
elements) and lattice site (interstitial O) on the mechanisms responsible for variation of mechanical
properties. The computational procedure relied on the generalized stacking fault energy (GSFE) concept
combined with the nudged elastic band method that enables full atomic relaxation and determination of
the true, minimum energy GSFE path [1]. Additionally, various concentrations of solutes and their
distance to the glide plane were considered as well. Our study revealed a strong, nonlinear influence of
X position on GSFE and migration of O atoms during the crystal slip. These new phenomena allowed
one to determine three solution strengthening mechanisms:

(D hindrance of <a> prismatic dislocation emission and reconfiguration of 1/3 <1120> screw
dislocation cores (p type solutes),

(11 hindrance of <a> prismatic dislocation emission (V) and SFE reduction in other modes
(both d type solutes),

(IlT)  suppression of dislocation nucleation in all modes caused by O [2,3.,4].

We found that the stacking faults formed by the single partial dislocations have a thickness of few
atomic layers and exhibit a highly non-uniform structure. Their ability to accommodate the lattice
deformation introduced by solute elements greatly affects the stacking fault energies of the a-Ti
alloys.
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3. Graphical presentation of computational results
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Fig. 1. Hexagonal Ti stacking faults: unit cell, Pearson number and orientation relative to host crystal
(a), SFs structure arrangement (b), atomic bond patterns (yellow zones indicate electron-localization-
function ELF isosurfaces) (c) and interplanar distance distortion plots (d). The gray spheres depict atoms
belonging to SF regions while blue, green and orange ones denote A, B and C sequence of basal planes
in unaltered sections of the crystal. Slip planes are marked by the red dashed lines. The ELF isosurface
level is equal to 0.7 in all cases [5].

4. Conclusions
Conclusion of this study can be useful not only in terms of analysis of the line defects core geometries
but also for phenomena influencing instability of plastic deformation i.e. nucleation and configuration
of slip bands boundaries. The understanding of slip phenomena that appear in the active zone of
initiating and propagating micro-shear band can be helpful in the formulation of theoretical description
of plastic deformation accounting for multiscale shear banding processes [6].

5. References

1. P. Kwasniak, P. Spiewak, H. Garbacz, Plasticity of hexagonal systems: split slip modes and inverse Peierls
relation in a-Ti, Physical Review, B 89:144105, 2014.

2. P. Kwasniak, H. Garbacz, Screw dislocation mediated solution strengthening of substitutional a-Ti alloys —
First principles investigation, Acta Materialia, 141:405, 2017.

3. Q. Yu, L. Qi, T. Tsuru, R. Traylor, D. Rugg, J.W. Morris, M. Asta, D.C. Chrzan, A.M. Minor, Origin of
dramatic oxygen solute strengthening effect in titanium, Science, 347:635-639, 2015.

4. E. Clouet, D. Caillard, N. Chaari, F. Onimus, D. Rodney, Dislocation locking versus easy glide in titanium and
zirconium, Nature Materials, 14:931, 2015.

5. P. Kwasniak, H. Garbacz, K.J. Kurzydlowski, Solid solution strengthening of hexagonal titanium alloys:
Restoring forces and stacking faults calculated from first principles, Acta Materialia, 102:304, 2016.

6. R.B. Pecherski, Macroscopic measure of the rate of deformation produced by micro-shear banding, Arch.
Mech., 49:385, 1997.

247



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

Solid solution strengthening of hexagonal Ti alloys:
structures, energies and Peierls barriers of <a> type screw dislocations
calculated from first principles

P. Kwasniak', J. Mizera', R.B. Pecherski®

I Materials Design Division, Faculty of Materials Science and Engineering, Warsaw University of Technology,
Woloska 141, 02-507, Warsaw, Poland

2 Institute of Fundamental Technological Research, Polish Academy of Sciences, Pawinskiego 5B, 02-106
Warsaw, Poland

e-mail:piotr.kwasniak@inmat.pw.edu.pl

1. Introduction

Due to their finely balanced strength and density, hexagonal close-packed (hcp) metals such as Ti and
Mg are perceived as potential prime elements for the production of new light, and strong alloys essential
for the sustainable development of green technologies oriented towards a reduction in mass in all
transport sectors. Nevertheless, the conscious design of materials requires information on the
relationship between alloy elements and individual deformation mode activity. Such complex
knowledge in the context of hcp systems remains a challenge, seriously hampering our ability to
anticipate the strength and ductility of new materials developed. In general, hcp metals and alloys suffer
from limited cold workability arising from reduced crystal symmetry (compared to cubic crystals) and
from the geometrical relations between their dislocation glide planes [1]. On the other hand, the unique
properties of single phase hcp materials, such as great strength and reasonable ductility of a-Ti+O
solutions [2,3] and a pronounced solution softening of a-Mg+Y alloys [4,5], demonstrate the great
potential of this groups of materials. All these aspects provide incentive for exploring the physics of
plastic deformation and solution strengthening theories.

2. General
The mechanical properties of hexagonal Ti alloys depend substantially on the glide of <a> type screw
dislocations. The configurations and stabilities of these line defects are, however, known only in pure
Ti [6] and Ti + O solutions [7], where the locking-unlocking mechanism and a strong pinning effect
control their activity. In this study, we investigated the unclear, screw dislocation mediated solution
strengthening of substitutional a-Ti alloys. To this end, a first principle computational scheme was used
to determine the structures and energies of the considered line defects during planar and cross-slip
processes in the vicinity of the solute element. Two phenomena were determined that are crucial in terms
of plastic deformation: (i) enhanced polymorphism of the dislocation cores leading to multiple new core
configurations, and (ii) relatively large positive and negative interaction energies between the solutes
and the line defects. Both these effects are strongly affected by the valence configuration of the alloying
elements. Due to their pronounced structure and energy variations, dislocation planar and cross slip
processes can occur under different scenarios, through diverse non-planar core geometries. The
calculations performed also indicate In as a potential alloy element for improving both the strength and
ductility of Ti by stabilizing a special, compact core geometry able to spread on an arbitrary glide plane
with a low energy barrier. All of the above effects are discussed in terms of the physical factors (solute
size misfit, stacking fault energy and electronic structure) that affect the energy and geometry of
dislocation cores.
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3. Graphical presentation of computational results
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Fig. 1. Detailed structures of selected <a> type screw dislocation cores (a) and local density of states
plots determined for X, C, B and A atomic position (b) [8]

4. Conclusions

This article describes the impact of substitutional solutes on a-Ti screw dislocation geometry, energy
and motion. The alloying elements used in this study belong to two groups: simple (Sn, Ga, In) and
transition (V, Zr) metals; this makes it possible to study the effect of solute valence structure on line
defect behaviour. All calculations were performed within an ab initio framework, utilizing the full
periodic boundary condition approach of dislocation modelling. The determined interaction energies
between the substitutional solutes and <a> type screw dislocations are relatively large, even a few times
greater than the Peierls barrier of high energy pyramidal glide in pure a-Ti — which shows the significant
impact of substitutional solutes on screw dislocation mobility. Moreover, transition metals reduce the
energy of the considered line defects, stabilizing its position and impeding further glide. Simple metals
also introduce high energy dislocation states (dislocation repulsion), which improves the overall solution
strengthening effect.

5. References

1. J.P. Hirth and J. Lothe, Theory of Dislocations, 2nd edn. (1992), Wiley, New York.

2. B. Sun, S. Li, H. IMAL J. Umeda, K. Kondoh, Fabrication of high-strength Ti materials by in-process solid
solution strengthening of oxygen via P/M methods, Mater. Sci. Eng. A 563 (2013) 95-100.

3. T. Lones, K. Kondoh, T. Mimoto, N. Nakanishi, J. Umeda, The Development of a Ti-6A1-4V Alloy via Oxygen
Solid Solution Strengthening for Aerospace & Defense Applications, Key. Eng. Mat. 551 (2013) 118-126.

4. S. Sandlobes, Z. Pei, M. Friak, L.-F. Zhu, F. Wang, S. Zaefferer, D. Raabe, J. Neugebauer, Ductility
improvement of Mg alloys by solid solution: Ab initio modeling, synthesis and mechanical properties, Acta
Mater. 70 (2014) 92-104.

5. F. Wang, S. Sandlobes, M. Diehl, L. Sharma, F. Roters, D. Raabe, Collective grainscale mechanics in Mg and
Mg-rare earth alloys, Acta Mater. 80 (2014) 77-93.

6. E. Clouet, D. Caillard, N. Chaari, F. Onimus, D. Rodney, Dislocation locking versus easy glide in titanium and
zirconium, Nat. Mater. 14 (2015) 931.

7. Q. Yu, L. Qi, T. Tsuru, R. Traylor, D. Rugg, J.W. Morris, M. Asta, D.C. Chrzan, A.M. Minor, Origin of
dramatic oxygen solute strengthening effect in titanium, Science 347 (2015) 635-639.

8. P. Kwasniak, H. Garbacz, Screw dislocation mediated solution strengthening of substitutional a-Ti alloys —
First principles investigation, Acta Mater. 141 (2017) 405-408

249



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

MOVEMENT OF COINCIDENCE GRAIN BOUNDARIES WITH SIGMA
=7,13,19,--,49,---.91. - - - : FROM ISOTROPY TO ANISOTROPY

R. Wojnar!
!nstitute of Fundamental Technological Research Polish Academy of Sciences, Warszawa, Poland

e-mail: rwojnar@ippt.pan.pl

1. Isotropy

Isotropy means having the same properties in all directions (1856). The word is derived from the Greek, isos
(equal) and tropos (way). The exact definitions depend on the field in which this concept is used. The opposite
of isotropy is anisotropy. The term isotropy is associated with geometry and the concept of direction, while
the term of homogeneity is associated with the concept of density. Simple chemical reaction and removal of a
substrate by an acid or a solvent or is often close to isotropic. The kinetic theory of gases is also an example of
description of the isotropic medium, cf. [1]. In Statistical Physics, for the system of NV particles, the two-particle
distribution function ng = ny(r1, r2) is defined as na(r1,r2) = N(N — 1) Py(r1,r2), where Pa(71, 72) is the
probability density to find particle nr 1 at 71 and nr 2 at r9. For isotropic system na(71, r2) = na(ri2), cf. [2].
In Chemistry, the electron clouds described by s-orbitals are isotropic, and by other orbitals - anisotropic, cf. [3].
In Economics and Geography, an isotropic region is a region that has the same properties everywhere. The Big
Bang theory of the evolution of the observable universe assumes that space is isotropic. It also assumes that
space is homogeneous. These two assumptions are known as the Cosmological Principle, [4,5].

Amorphous substances are isotropic, although they do not have to be homogeneous. Polycrystalline bodies
may also be isotropic. If the individual crystallites are oriented completely at random, a large enough volume
of polycrystalline material will be approximately isotropic. In hydrodynamics, we observe with the increasing
velocity the passage from the laminar flow (anisotropic) to turbulent (isotropic) flow, cf. [6].

2. Isotropy and anisotropy in geometry and mechanics

Carl F. Gauss proved that the highest average density in close-packing of equal spheres is equal to 7/ (3\/5) ~
0.74048 in 3D, and 7/(2v/3) ~ 0.9069 in 2D. The Kepler conjecture, recently proved states that this is the
highest density that can be achieved by any arrangement of spheres, either regular or irregular, cf. [7-9].

A hexagonal 2D crystal is anisotropic and has three symmetry axes. A deformation in the plane is determined
by only two moduli of elasticity, as for an isotropic body, cf. [10]. A symmetric tensor of rank two, such as the
termal conductivity or the termal expansion tensors have only one component, again as in isotropic medium.

Conversely, an isotropic medium subject to stress acquires anisotropic properties, behaves like a crystal and
exhibits the birefringence, [11]. Similarly, the isotropic suspension of magnetic particles (in micrometer or
nanometer scale spheres) sitributed randomly becomes in the magnetic field an anisotropic solid, [12].

3. Coincidence site lattice

A grain boundary is the interface between two kinds of grains, or crystallites, in a polycrystalline material.
The boundary consists of structural units which in the 2-D system depend on the misorientation of the two
neighbouring grains. The misorietation angle is given by
d? +n? —m?
o = arccos ——————  where d> =m?+n*+mn
2dn
and m, n are integers. The types of structural unit are described by the concept of the coincidence site lattice
(CSL), in which repeated units are formed from points at which the two misoriented lattices happen to coincide.
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The degree of fit (3) between the lattices of the two grains is described by the reciprocal of the ratio of coinci-
dence sites to the total number of sites

surface of the CSL unit cell

>
surface of the lattice unit cell

It is possible to draw the lattice for the 2 grains and count the number of atoms that are shared (coincidence
sites), and the total number of atoms on the boundary (total number of site). For example, when > = 7 there
will be one atom each 7 that will be shared between the two lattices. The misorientation angle o = 19.1066°
for ¥ =7, asinthiscase m = 1,n = 2,d = V7.

4. From isotropy to anisotropy

We are considering a 2-D system of point particles subject to periodic boundary conditions. To ensure uniform
homogeneous density of the initial arrangement, we distribute the particles on the honey-comb lattice. In each
cell of this lattice we randomly put 7 particles . In such a way the isotropic initial system is created.

Next, all the particles of the system are subjected to the Centroidal Voronoi iterations. One of the 7 particles in
each honey-comb cell after a few iterations approaches to the very center of the cell. In this way, a coincidence
point appears in the center of each honey-comb cell. After just a few iterations, the system begins to crystallize
in two phases of different directions. During the further crystallization convexities and concavities of the grain
boundaries are reduced and the grain boundaries straighten.

Thus, the consecutive iterations result in increasing the anisotropy by disappearing some pentagons-heptagons
(5-7) pairs. As a result, the percentage of hexagons increases and in consequence the anisotropy is growing.
The same procesure could be done for 3 = 13,19, --- and in general > = 6k + 1, k = 4,5,6,---. After
each iteration we examine the number of hexagons created. The increase in their number is a measure of the
departure from isotropy. Finally, we observe the creation of a bicrystal formed by grains ofr only two kinds.
Two phases are separated by the boundary of 5-7-pairs. It is important that contrary to the widespread opinion
that the 5-7 pairs are symmetric, these 5-7 pairs do not lie on the boundaries in a symmetrical manner.

If other (not coincident) integer numbers are put in the honey-comb lattice cells, we get polycrystals. But, if
=49 =7xT7and ¥ =91 = 7 x 13 itis possible to build up interesting tricrystals.
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1. Stretch Blow Molding process (SBM process)

The production of containers for beverages made of PET material with viscosity IV = 0.76 - 0.85 dl/g takes
place in a so-called "Two-stage manufacturing process" (ISBM process). In the first step it is made a semi-
finished product by injection molding, the so-called "preform", and in the second step by the blow molding
with the simultaneous stretching (stretch blow molding process - SBM process) this preform is being shaped
into the finished product (defined by the shape of the cooled blow mold). A detailed description of the ISBM
process was presented in other author's works [1,2].

The properties of the bottle manufactured in the SBM process are influenced by thermodynamic, mechanical
and physico-chemical phenomena. Thermodynamic effects are associated with heating the preform, rapid
cooling of the blown bottle by the walls of the blow mold (and in part by a stretching rod), and with the heat
exchange between the blown preform and the blow air. Mechanical phenomena and fluid mechanics are
related to the speed of the stretching rod, the air pressure of the pre-blow and main blow, the flow rate of the
air through the blow valves and exhaust flow rate of air trapped between the blown preform and the wall of
the blow mold through the channels drilled in the blow mold. Physicochemical phenomena are associated
with phase changes occurring in the PET material during the SBM process. All these phenomena affect in a
coupled and nonlinear manner affecting the properties of the bottles PET material.

2. PET multi-phase microstructure model

It is very difficult to describe the whole issue of the SBM process in the terms of describing the influence of
SBM process parameters on the microstructural properties of the PET material. The problem is that the
amorphous phase itself occurs in 5 forms: the mobile unoriented amorphous phase, the rigid unoriented
amorphous phase, the oriented amorphous phase, and this occurs in form of the nematic, smectic type C and
smectic type A [3]. The crystalline phase occurs in two forms: a temperature-induced crystalline phase, and a
strain induced one.

Simplifying the problem of behavior of PET in the SBM process, in the preform individual polymer chains
usually form unordered amorphous entanglement, where individual chains influence the behavior of the
material over a large area. This effect is due to the fact that individual macromolecules form entanglement
with other macromolecules. Moreover, if there is a stress field (e.g. by deformation or elevation of
temperature) the entanglement of macromolecules may disappear. These entanglements are randomly
arranged, and from a macroscopic point of view, a polymeric material containing only an amorphous
unoriented phase behaves like an isotropic material. The behavior of the chains relative to each other is
determined by the stress field, which depends on the external extortion (deformation, temperature), but also
on the interaction between the individual chains. In the SBM process, the deformation is so large that the
polymer chains are orientated towards the deformation causing a change in the material structure, and
consequently its mechanical properties - the unoriented amorphous phase is transformed locally into an
oriented amorphous phase. As a consequence, the material exhibits anisotropy characteristics. Moreover, the
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oriented amorphous phase can form nucleation of crystallization, which can lead to the transformation of the
oriented amorphous structure into the crystalline phase - this is called strain induced crystallization.

In addition, individual areas can be subjected to several microstructural changes. The oriented amorphous
region can be transformed into a crystalline region (if a stable nucleation of crystallization is formed) or it
can be transformed into an initial form (amorphous unoriented) and later can be transformed into an oriented
amorphous phase (and possibly further to the crystalline phase). In turn, the formed crystalline phase may
break into a rigid amorphous unoriented phase. It differs in properties from the mobile unoriented amorphous
phase, because it is predominantly composed of trans conformation whereas in the mobile amorphous phase,
the probability of trans and gauche conformation is comparable (the crystalline phase contains only trans-
conformations). In theory, it is assumed that at temperatures lower than the glass transition temperature, it is
possible to convert between the oriented amorphous phase and the unoriented amorphous phase, but it is
impossible to create a crystalline phase.

3. Experimental research

The purpose of the research results described in the paper is to determine, by means of ANOVA, the
existence of qualitative and quantitative influence of selected SBM process parameters (factors) on the
macroscopic characteristics of bottles, i.e. the thickness profile and pressure resistance of bottles. Main
effects and cross-effects were analyzed. In addition, the results of macroscopic features of bottles were
explained on the basis of multi-phase polymer structure theory, and the given interpretation was supported
by literature data.

In terms of the influence on the thickness profile were examined the speed of the stretching rod (1), pre-blow
air pressure (2) and WSR parameter (3). In terms of influence on pressure resistance were examined the
speed of the stretching rod (1), pre-blow air pressure (2), WSR parameter (3) and preform temperature (4).
The effect of factors 1, 2 and 3 on the thickness profile and pressure resistance were tested on the basis of a
complete divalent three-factor plan (three-factor MANOVA). On the other hand, the influence of preform
temperature on pressure resistance was tested on the basis of a divalent one-factor plan. The stretching rod
speed varied from 0.72 m/s to 1.2 m/s, pre-blow pressure from 6 bar to 9 bar, and WSR parameter from 120
mm to 160 mm. The influence of preform heating by the heating furnaces on the preform temperature was
measured by two pyrometers just before preform was being put into the blow molds. The average
temperature of the preforms was 123°C for lower heating power and 132°C for higher heating powers.

The presented analysis showed that the changes in macroscopic features can be explained on the basis of the
currently functioning theory of multi-phase PET material microstructure.
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1. Introduction

Biomaterials are used to be embedded in the human body and classified by a period of using [1]; (a) Semi-
permanently using such as the artificial heart, (b) Temporarily using such as a bone plate, and (c) Disposable
using such as injection. The temporarily used biomaterials have to be removed with surgery after the complete
recovery and it imposes expensive surgery and physical and mental pains to the patients. Recently, the
application of magnesium (Mg) for bio-implant material has been interested because of its biodegradable,
mechanical strength as much as bone and low cytotoxicity. On the other hand, the corrosion resistance of Mg
is less to sustain the strength until the recovery of the affected part. There is some research for solving the
problem of the corrosion resistance with Mg [1-3]. Figure 1 shows the strength degrading for corrosion under
a pseudo-biological environment. The black and red curves mean the strength at corrosion times of virtual and
ideal biodegradable material and pure Mg, respectively. The strength of pure Mg gradually degrades for
excretion in the body. The ideal corrosion behaviors have two regions, Existing period and Dissolving period.
The material keeps in the body for sustaining the mechanical strength in the Existing period and then that is
promptly excreted from the body in Dissolving one. This study is to develop the biocompatible material coating
Mg film and evaluate the corrosion behaviors of the Mg film under the pseudo-biological environment.

Existing period  Dissolving period
e
5 () (—)
3
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Figure 1: Mechanical strength of pure Mg and ideal biodegradable materials at corrosion times.

2. Experimental methods

The corrosion test was conducted with the Mg ribbonlike film manufactured by Nilaco Corporation. The
specimen was cut from the film to a rectangular shape; 50x3.2x0.24 mm and layered with two kinds of
materials, one for holding the existence of the specimen and the other for promoting the dissolution. The former
material is Polylactic acid (PLA) and the latter Titanium (Ti). PLA, which has biodegradability and low
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cytotoxicity, was available to control the degree of the Mg film corrosion. We coated PLA provided by Unitika
Corporation on the surface of the Mg film with injection molding at 513K. Ti is also a biocompatible material
and its galvanic corrosion between Ti and Mg promotes the dissolution and then reduces the Dissolving period.
We deposed Ti on the surface of the specimens with a heat resistance vacuum deposition method. The three
kinds of the specimens were prepared and called “As-received”, “Mg/PLA”, and “Mg/Ti”. We conducted the
corrosion test to the specimens with the conditions as shown in Table 1. Then we evaluated the corrosion states
with tensile test and X-ray diffractions (XRD). The tensile tests were carried out at room temperature at 0.5
mm/min. and evaluated one at before and after the corrosion test. XRDs were performed on a MiniFlex600
manufactured by Rigaku Corporation (Cu target, 40kV 15mA) with a step size 0.005° (26).

Hold temperature [K] Solution Corrosion time [h]
310 Saline (0.9 wt% NaCl solution) | 24 [ 72 [ 120

Table 1: Corrosion conditions.

3. Results & Discussion

In Fig.3 It was shown that the decrease of the weight of As-received and Mg/Ti (Fig.3(a)), an image of corroded
Mg/Ti (Fig.3(b)), and the stress-strain curve of As-received before and after the corrosion test (Fig.3(c)). The
decrease of the weight of 72h was 2.49 mg more than that of 24h. The decreased weight with 120h was 0.66
mg and less than that of 72h. We confirmed the specimen had Na on its surface according to XRD analysis,
which was included in the solution, i.e., Saline. It seemed that component of the solution was coated during
the corrosion progress. This Na might suppress the loss of the weight even though the corrosion. On the other
hand, Mg/Ti completely dissolved after 24h due to the corrosion (Fig.3(b)). The corrosion potential between
Mg and Ti is 1.6V [4] and that caused the dissolution of Mg and Ti. In the mechanical test, Fig.3(c) indicates
that the stress and strain of As-received decreased 21.5 MPa and 0.311 & with corrosion, respectively.

o
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Figure 3: (a) The decrease of weight of As-received,(b) Corroded Mg/Ti, (c) The stress-strain curve of As-
received.

4. Conclusion

Even though the mechanical strength decreased with corrosion, the corrosion products, Na suppressed the
decrease of the weight of the specimen under the pseudo-biological environment. This effect might be available
for controlling the times of Existing and Dissolving period.
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Context of the Study

Field testing of soil is a thriving branch of geomechanics, widely present in both scientific research
and practical applications. The problem of measuring certain quantities in the natural environment
and translating them into specific information about the granular material is far from trivial. Even
the basic question of recognising the type of soil and its spatial location with a satisfying degree of
probability remains largely unanswered.

Quick clay is a peculiar glacial marine sediment native to some parts of the Northern Hemisphere
(Scandinavia, North America, Siberia) which, while being fairly resistant to loading, is prone to rapid
liquefaction once disturbed [6,7]. Due to several catastrophic events related to failure in quick clay
deposits [1], a lot of work is being done to detect areas where quick clays may be found, e.g. the
“Mapping of Quick Clay” project by the Swedish Geotechnical Institute [4].

One common method of soil field investigation involves Undrained Cone Penetration Tests (CPTU),
where a probe continuously measures three basic parameters while being statically pushed into the
soil: cone resistance q.[Pa], sleeve friction f;[Pa] and pore water pressure u[Pa]. CPTU can be
enhanced with additional sensors to measure a fourth quantity: electrical resistivity of soil R [Qm]
(hence RCPTU) — an important parameter for marine sediments [2].

In a single RCPTU test, these four parameters are measured at each depth, up to several dozen
meters deep. At each given level, the values of the measured parameters combined together can be
used to establish the soil type and its mechanical properties. Such a large quantity of data is difficult
to analyze by hand. Until recently, analysis of CPTU tests was mainly based on the experience of
researchers supported with classification charts [3, 5], necessarily complemented with physical testing
of soil samples collected from certain depths. In this study, a different approach was chosen — to use
a data mining technique, namely artificial neural networks [8], to train automata to recognise quick
clay layers in RCPTU and CPTU tests. Due to a rigorous training and testing protocol, as well as
high quality of the input datasets, this approach proved to be successful.

Scope of the Study

Three tests sites around Trondheim, Norway were investigated with RCPTU and CPTU probings, as
well as traditional drilling and laboratory testing. The results of the laboratory tests were treated as a
benchmark, and the RCPTU sounding data from each test site were used to train several generations of
neural networks. The trained networks were subsequently tested against each other with an objective
to correctly classify soil profiles from sites which had not been used in their training. Some of the
networks proved to be more flexible than others, managing to properly recognise soils in each of the
three test sites.

In the final phase of the study, the well trained and tested neural networks were applied to a real-case
scenario: an imperfect CPTU database with no additional information from laboratory testing. The
performance of the neural networks was assessed against the classical approaches incorporating classi-
fication charts. The neural networks turned out to be at least on a par with the classical approaches,
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but also surpassing them in some respects. It is an integral result of neural network operation that the
network’s performance in a given task, in this case recognising quick clay, is expressed in percentages
of certainty. The shapes of these certainty curves give additional insight into the soil structure. The
neural networks also skillfully captured transitional zones between different soil types, which are of
high importance but are often disregarded in the classical approaches.

Summary of the Study

Data mining techniques are more and more often used in many fields of research. Their great versatility
makes it possible to use them in almost any problem with significant amounts of data. But at the
same time, without a thought-out course of investigation and with no scientific rigour, the results
obtained might be worthless. In this paper, we present a simple, yet extensive, protocol of training,
testing and applying neural networks, which assures high quality of the findings. A similar approach
can be followed in other problems, using different computational software or data mining techniques.
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1. Introduction

In real working conditions of the wheel-rail system, there are stresses and slips affecting the processes
occurring in this important areas in the place of contact. The contact surface is permanently changed
depending on many factors, both construction and operation. As a result of the overlap of these factors, the
problem of durability of the surface layer, especially the running surface of railway rails, remains unsolved.
Currently, the biggest problem is the balance between abrasive wear (vertical and lateral wear - present in
railway rails) and fatigue wear, which occurs in the form of contact-fatigue damages leading to cracks on the
surface and even crosswise cracks. In addition, tribological processes, occurring on the surface and just
below it, in the rail are very similar to those that are formed in the railway wheel.

The phenomenon of wear occurring in a rolling-sliding contact always has the form of flaky wear products,
the size and shape of which is determined by variable operating factors, type of treatment (thermal or plastic)
and condition and properties of the surface layer of the material. However, in order to fully correlate the
relationship between wear and durability, all the different types of stresses that occur in the rail under the
influence of variable interactions should be considered [1].

2. Test procedure

Nowadays, FEM is the basic method of carrying out computer aided engineering calculations (CAE). The
manufacturing process can also be made much simpler while designing and servicing the combustion
engines. The reason of damages found in the selected subassemblies may be justified more easily by
constructing the model of the analyzed object and performing the calculations by the Finite Elements
Method. In order to reconstruct the real object and its real operational conditions as well as properly interpret
the obtained calculation results it is necessary to apply the knowledge of mechanics, physics, machine and
device operation and finally tribology.

Complementing the metallographic and simulation studies are geometric structure tests of the surface made
on the TalySurf Series 2 profilographometer by Taylor Hobson. The calculations of stereometric parameters
and isometric images of the surface in a photographic (3D) approach were developed using the TalyMap
Universal program. This allowed to confirm the obtained results from simulation tests, which testifying to
the type of wear process [2].

3. Numerical simulation

Appropriate models of the analyzed machine parts have to be built if FEM is to be effectively applied.
Therefore the user should undertake the following activities:

- define the model of construction geometry,

- chose the type of element,

- build the finite elements mesh,

- define the material properties,

- define the elements properties,

- verify the quality of finite elements mesh,

- introduce load and boundary conditions,

- specify the type of required analysis,

- define the requirements regarding the number and kind of results,
- interpret the obtained results.
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The above stages of preparation of the 3D model of the friction surface were preceded by the determination
of the real friction surface on the nanotomograph - Nanotome S (Fig. 1).

Fig 1. The real surface layer obtain in laboratory test by Computed Tomography (Nanotom S)

The subject of simulation tests is determination of stresses and deformations in the wheel-rail system for the
redl contact surface in the following test sets:

a) analysis of friction surface after cooperation (both worn surfaces),
b) analysis of the friction surface after cooperation and the ideal surface (deformable),
c) analysis of the friction surface after cooperation and the ideal surface (rigid).

4. Conclusions
Numerical analysis allow to determine local stress values which are essential for understanding the wear

mechanisms of the analyzed contact. The obtained results of operational investigations prove that cracks and
spallings of the micro and macro scale appear in areas with maximum stress and deformation. On the basis of
the conducted simulation tests, FEM was found to be the right tool used to identify the areas of special wear
hazard. The method also helps to explain the wear mechanisms. FEM analysis helped to recognize and
explain the wear mechanisms in depend of the selected operational conditions. The determination strains of
the local stresses value of allowed the prediction of wear initiating places.

The main objective of the research was to determine the actual contact area and the relationship between the
analyzed friction surface and its susceptibility to mechanical damage. This is of particular importance as the
analyzed wear processes form differently on the actual contact surface than is the case for analyzes of ideal
surfaces with isotropic material properties. An important part of the research is the attempt to locate the most
vulnerable places depending on various operating conditions and to identify the basic mechanisms of wear.
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1. Introduction

The impact resistance improvement is important for glass members to protect people from injury. Although it
was reported that sticking a thin polymeric film on the glass plate is an effective way to easily reinforce the
glass plates against impact loads [1], the reinforcing mechanism is still unclear. We should understand the
fracture characteristic of the glass plate with the two modes, bending mode fracture and Hertzian type
fracture [2] for recognizing the mechanism. In this study, impact fracture behavior was investigated
experimentally with a glass plate stuck with thin polymeric film.

2. Method

An impact experiment was conducted using the drop ball test. Figure 1 presents the schematic of the
experimental apparatus used in the study. Impact loads were applied to the glass specimen through the
impact bar of SUS304. The tip of the impact bar was rounded with 5 mm in radius. By using the impact bar,
the applied impact load can be measured with stress wave analysis in the bar. The glass specimen was a
130x130x6 mm float glass plate stuck with 0.19 mm thick polymeric film (ULTRA S600, 3M Japan Ltd.) at
the non-impact face. The specimen was cramped by the steel plates and rubber plates with a 40 mm hole in
the center of it. The dropped ball was made of a steel, SUJ2 in Japanese standard, and its diameter was 82.5
mm. The drop height was 1 m above the top of the impact bar. During the experiment, impact load was
estimated from the strain gauge output at the impact bar. The stress distribution and fracture behavior of the
specimen were recorded by the high-speed video camera (Phantom VEO-710, Vision Research Inc.) with the
photoelastic method in 5800,000 fps. The experiment was conducted in three times in the same condition.

Steel ball
! | o Impact bar (410 x 300)
Glass specimen | | — Strain gauge (cross gauge)
Light source \\ 125 High-speed camera
1 1
R i == ]
el A
I @40

Acromart lens
1/4 wave plate
Polarizer
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Figure 1: Schematic of the experimental apparatus used in the study.
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3. Results and discussion

Figure 2 shows the representative data of the impact load history obtained at the impact bar. The history until
about 0.2 ms is the load applied to the impact bar before fracturing of the specimen. The images in Figure 3
present the fracture initiation of the specimen and show the crack initiated from the bottom (non-impact face)
and propagated to the horizontal directions in the specimen. This crack propagation indicates the occurring of
the bending fracture and the trapezoidal crack appeared above the initial crack after 0.191 ms. This
trapezoidal crack shape signifying that the crack propagated along with the tensile stress distribution from
the impact point which can be explained by Hertz’s contact theory. Therefore, it may have a similar
characteristic with Hertzian type fracture. In this way, it was clarified the glass plate was fractured in a mixed
mode of the bending fracture and Hertzian fracture in the impact condition at the velocity, i.e., a low-velocity
impact. In addition, it appears that the bending fracture was dominant in the present experiment. Sticking the
film to glass plate seemed to delay the fracture initiation without affecting the fracture mode.

Impact load (kN)
(2]

0.0 0.2 0.4 0.6
Time (ms)

Figure 2: Impact load history.
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Figure 3: Stress concentration and crack propagation in the glass plate after the impact.

4. Conclusion

An experimental investigation was conducted for the impact fracture mode of a glass plate stuck with thin
film. It was clarified the glass plate was fractured in a mixed mode of the bending fracture and Hertzian
fracture and the former was dominant in the present experiment. Further study is needed to clarify the
condition for a transition of the fracture mode and its relation with the impact resistance of the glass plate.
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1 Introduction

A printed circuit board (PCB) is a multi-layered material, made of dielectric materials and copper. For
aerospace applications, the number of copper layers is large (over 10 to 20) and the reliability of the
boards must be ensured during decades to make the electronic devices operating (in satellites or other
equipments). During the qualification process, aero-mil standard must be fulfilled. For example, the
PCB is subjected to thermal cycles in the range [-55°C, +125°C]. It is important to check that the copper
traces are not presenting damage and that the interfaces remain safe. In the present talk, we discuss only
the interface issue.

The structure of the board design for specific applications can mix various dielectric materials having
very different mechanical properties. In the present work, we concentrate on the interface between a
woven composite (glass fibers and epoxy resin) and a thin foil of copper.

The present talk will have two distinct parts: an experimental part for the characterization of the
behavior of the interfaces and a numerical part. The goal of experiments is to feed numerical simulations
with real data measured in laboratory. The ultimate goal of this work is to anticipate problem in advanced
design so as to provide accurate predictions which can explain observed failures on specific printed
circuits.

2 Experiments

For the experimental part, we have prepared samples which are representative of materials used in the
real applications. For that purpose, pre-preg of epoxy glass fibers laminate and copper have been
processed according to the industrial standard. Curing of the pre-preg materials at elevated temperature
ensures the adhesion of copper. Secondly, strips of copper (10 mm) are etched on the surface of the
sample, Figure 1. Note that the bonding of the copper is realized only on 2/3 of the total length of the
sample so that the strip can be fixed in the grip of the peeling device, see Fig2. The peel test is carried
out at a fixed crosshead velocity and the steady force for the peel force is recorded during the test, Fig3.
For a given peel angle, tests have been carried out several times, providing the same stationary peel
force, see Fig3. In our configuration, the copper film is thin (thickness 35um). Three different peel
angles (45, 90, 135 degrees) have been considered. It has been shown in this present work that the peel
force decreases when peel angle increases as reported in Williams and Kauzlarich [1].
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3 Modeling

In an attempt to model the peel force evolution with the peel angle, the theory of elastic peeling test has
been first adopted [2] and it has been shown, as already mentioned in the literature, that an elastic theory
is not able to explain the trend when a thin metallic foil is considered. To understand the role of plasticity
of copper during peeling, a numerical model has been developed with the finite element software
ABAQUS. From the simulations, we have observed two zones where plasticity is cumulated: a first
bending zone at the tip of the interface and a reverse plastic bending latter in the free arm. Those results
are consistent with the work of Wei and Hutchinson [3]. Usually, in the literature, the behavior of the
metallic thin film is not often known. In our work, the elastic-plastic behavior of copper thin film has
been identified based on a uni-axial tensile test. In addition, the elastic behavior of the substrate has been
identified in our laboratory. Cohesive elements (traction separation law) have been adopted to model
the interface between copper and the substrate. Parameters of the cohesive elements have been estimated
to mimic the experimental results. In the present talk, the effect of plasticity in the peel test will be
quantified based on the energy balance. In the present configuration, it will be shown that the peel force
does not provide a direct measurement of the interface energy. Additional work must be addressed to
extract from the peel force, the surface energy.

Acknowledgements: The authors thank the ANR for their support through the Labcom program ANR-
14-LAB7-0003-01 and the creation of the Labcom LEMCI. The research conducted in this thesis has
received financial support from the European program ITN H2020 (European Union's Horizon2020
Program, Excellent Science, Marie-Sklodowska-Curie Actions) under approval number: REA grant
agreement 675602 (OUTCOME Project). The authors thank the support of Région Grand Est and
FEDER (Fonds européen de développement économique et regional).

References

[1]J. A. Williams and J.J Kauzlarich, The influence of peel angle on the mechanics of peeling flexible adherends
with arbitrary load-extension characteristics. Tribology International 38 (951-958) 2005

[2] K. Kendall, Thin film peeling: the elastic term. J Phys D Appl Phys 8 (1449-1452) 1975

[3]1 Y. Wei et J.W. Hutchinson. Interface strength, work of adhesion and plasticity in the peel test. Int Journal of
Fracture 93: (315-333) 1998.

265



41st Solid Mechanics Conference (SOLMECH 2018) Warsaw, August 27-31, 2018

APPLICATION OF ROTATION RATE SENSORS

IN STIFFNESS "RECONSTRUCTIONS" OF STRUCTURAL SYSTEMS

Z. Zembaty', P. Bonkowski!, P. Bobra! S. Kokot! and J. Kus!

YFaculty of Civil Engineering and Architecture, Opole University of Technology, Opole, Poland
e-mail: z.zembaty@po.opole.pl

1. Introduction

In some areas of Structural Health Monitoring (SHM) e.g. for civil engineering structures (reinforced
concrete (1/c) beams, frames or masonry structures), it is not possible to localize damages in form of simple
‘cuts’ and localized stiffness losses as it is usually assumed in SHM. Instead more difficult tasks have to be
undertaken, aiming at formal “reconstructions" of spatially distributed stiffness variations (e.g. [1]). The
problem of such “reconstructions” is particularly complicated for r/c structures due to the presence of
multiple cracks even during their normal exploitation and under regular service loads. Recently, techniques
of directly measuring angle variations have emerged [2] and matured to achieve angular resolution of 107
degrees. Thus, in addition to transversal accelerations, it is now possible to measure angle variations along
the bar axis during vibrations of the structures. This way, the changes in curvature of the axes of the bars of
the structures can be obtained almost directly. Numerical simulations demonstrated many potential
advantages for these new angular measurements [3, 4]. The key advantage of rotational measurements for r/c
structures is the ability to infer strain from rotation. Another particular advantage is the possibility to monitor
plastic hinge development during seismic vibrations using two rotation rate sensors, as shown in Figure 1.

Plastic hinge

i?;ﬂ 1t
t

Figure 1: R/c frame with 2 rotation sensors measuring strain and other 2 to monitor plastic hinge

Before full scale, ‘in situ’ dynamic experiments one should carry on small scale laboratory tests. For this
purpose, the Horizon HZ1 100-100 rotation rate sensors were chosen. Our presentation for the 41% SolMech
will report results of experiments carried out using the Horizon sensors and plexiglass models of beams. In
what follows a short description of the experiments is presented. Details of the methodology are given in
paper [4], while the experiments are reported in the reference [5] and a very recent paper (see ref: [6]).

2. Description of the experimental set up

Consider vibrations of a cantilever beam under kinematic excitations, u(#), (Figure 2). The vertical motion
u(?) of the plexi beam support was obtained by its kinematic movement using an actuator acting in the
vertical direction on a 6 m, steel beam bearing, in the middle, the plexi model. The model beam dimensions
were: h=1.45cm, b=11.45cm, L=80cm, Young modulus £=3.427- 10°N/m? and mass density 1203kg/m3.
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Figure 2: Sketch showing experimental set-up to measure direct strain and rotations of a beam
3. Indirect strain sensing

During this experiment, a seismic signal u(#) drove vertical motion of the beam while the strains &f) and
rotations 31(t), 92(t) were simultaneously measured. Comparison of direct strains and strains derived from
rotation difference AS using simple formula &(f)= h49/(2Ax) led to an accuracy of about 3% for Ax =10cm

4. Local stiffness modification

During this experiment, two measurements were carried out using the setup of Figure 2. The first experiment
was done for an intact beam, the same as in previous experiment. Before the second experiment, a 20%
stiffness drop was introduced to the beam by drilling holes in the plexiglass beam between the sensors, of
Figure 2. The measured rotation rate differences of the intact and weakened cross section were integrated to
obtain 4.9(?) and compared. A value of 9.6% maximum difference was obtained. Measuring such the stiffness
drops could model early stages of plastic hinge development during e.g. seismic excitations (Figure 1).

5. Stiffness “reconstruction” using sets of translational and rotational sensors

During this experiment, the intact beam was excited by small, diagnostic, vertical, kinematic harmonic
excitations u(f)=uosin(2xft). Next, along the beam, starting from its support, three equally long sections of
15%, 30% and 45% cumulated stiffness drops were produced to mimic distributed structural “damage”
similar to typical flexural stiffness losses of r/c beams. Respective mass losses were compensated by gluing
additional ballasts to the beam. Calculations of the stiffness losses based on the changes in dynamic
responses were done by measuring the amplitudes of the harmonic vibrations of the “damaged” beam and
using special inverse problem algorithms [4]. Application of only translational sensors failed to “reconstruct”
the bending stiffness loss distributions, while application of rotation rate sensors made the “reconstruction”
successful with reconstructed stiffness drops 14%, 33% and 46% (see [5] for details).
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1. Introduction

The residual lifetime assessment and potential of failure of steam turbine components is a critical issue in the
safety and reliability analysis of power plants. The bulk of lifetime assessment studies of high-temperature
components is based on theoretical damage calculations, non-destructive tests and metallographic
investigations [1]. Components’ residual lifetime, and, in particular steam turbine rotors, can be rarely
evaluated with the traditional mechanical test techniques, because there is usually insufficient material to
sample non-invasively from the component [2]. Instead of these well-standardized techniques, various
innovative techniques based on miniaturized specimens can be effectively employed for determining material
properties and assessing residual lifetime. Among these, a small punch test (SPT) technique significantly
developed over the last years, is an efficient and cost-effective method suitable for industrial applications.

The paper presents a case study of a steam turbine lifetime assessment where the small punch test technique
was applied and supported a more accurate residual lifetime determination.

2. Small punch testing of the rotor

Lifetime assessment study performed for the high-temperature rotor of a 55 MW steam turbine revealed a
high level of creep damage in the first stage disc. The damage was evaluated using the time fraction method
assuming minimum creep rupture strengths for determining the time to rupture [1]. Crack initiation life was
exhausted at the bottom of the disc, but non-destructive tests did not reveal any cracks or advanced
microstructural damage. The creep damage was close to the permissible limit at the disc periphery in the
blade groove which was not accessible for non-destructive examination. In order to determine tensile and
fracture toughness properties of the rotor after long-term operation, small punch tests were performed [3].
Five material samples were taken from disc 1, which was found to be life-limiting, and for reference, also
five samples were taken from disc 19 which operates at low temperature and is not subject to creep damage
(Fig. 1). The extracted material samples were used for determination of chemical composition,
metallographic examination and manufacture of disc-shaped punch test specimens of 8 mm diameter and 0.5
mm thickness. The following mechanical properties were estimated by SPT: yield stress, tensile strength,
elongation, FATT and fracture toughness.
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"

okt kbt
MM TN IS THTHTHI A |
Lt G LD B3 D BILND0 B LN B
B G0 O R L1100 o TR
O WD LU - 0 O
BOOMODDMD D00

ScooooooooDO00
FIR BIEDE) R EDEDEI ED EI EIED

Figure 1: Rotor temperature distribution with indicated areas for SPT.

The chemical analysis confirmed the rotor steel composition to agree with the material standard
requirements, while the metallographic examination confirmed the correct microstructure - tempered bainite.
Comparison of tensile properties shown in Table 1 reveals no significant differences in the properties of the
two discs and confirms compliance with the material standard requirements.
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Source | Yield stress [MPa] | Tensile strength [MPa] | Elongation [%]

Disc 1 545 678 29-31
Disc 19 528 708 27-32
Standard 440 640 16

Table 1: Mechanical properties measured by SPT and required by the applicable standard.

The fracture appearance transition temperature evaluated by SPT is FATT = -3.7°C and the lower bound
fracture toughness at room temperature corresponding to FATT is Kic = 121 MPa-m*2, The low value of
FATT and high value of K. confirm good fracture resistance and no visible degradation of the rotor material
due to long-term operation at high temperature under creep conditions.

3. Residual lifetime assessment

Residual lifetime of the rotor was assessed by assuming the existence of small cracks in critical areas, not
detectable by NDT, and calculating their growth until the critical size. For critical crack size estimation, the
real fracture properties obtained from SPT were adopted, among others. As high fracture toughness was
estimated by SPT, it could not be excluded that brittle fracture will not be the main failure mechanism, and
due to this also ductile failure was taken into account by estimating the critical crack size. Crack growth due
to creep, fatigue and their interaction was calculated assuming real operating conditions of the rotor. Based
on the calculated crack propagation rate, the residual life of the rotor was estimated at approximately
200 000 hours and limited by the creep damage in disc 1.
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Figure 2: Crack propagation in disc 1.

6. Summary

The lifetime assessment performed using conventional methods showed complete lifetime exhaustion of the
rotor. The use of SPT enabled determining the real material properties and performing more accurate residual
lifetime assessment with the help of fracture mechanics methods. The performed comprehensive
investigations allowed for significant lifetime extension of the rotor with a controlled risk of failure.
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1. General

A degradation level developing in the turbine blade material was analyzed experimentally using the
magnetic method. A relationship between the exploitation time of turbine blade and selected parameters of the
Barkhausen noise signal was identified. The results coming from the leading edge area of blade and the trailing
edge area were compared. An influence of the blade deformation resulting from damage development on the
Barkhausen noise level was also taken into account. Another issues taken into account theoretical background
treated equation of oxygen level as an interface. Processes with oxygen layer can be considered such as the
enhancement transport phenomena in the Navier-Stokes shell-like slip layer presented in earlier works [1-3].

2. Experimental results of the Barkhausen noise parameters

Exploitation time of the turbine blade material was analyzed experimentally using the magnetic Barkhausen
noise method [4], [5]. A relationship between the exploitation time of turbine blade and selected parameters of
the Barkhausen noise signal was identified. The results coming from the blades with and without oxidized
layer were compared. An influence of the blade deformation resulting from damage development on the
Barkhausen noise level was also taken into account. Table 1 presents notations of turbine blades investigated.

The numl?lgrdgf turbine Exploitation time [h]
Al, A2, A3 26 400
B1, B2, B3 36 100
C1,C2,C3 39 800
D1, D2, D3 60 800

Table 1: Exploitation time of the selected turbine blades

The diagrams presented in the Fig. 1 show comparison of amplitude of the Barkhausen noise amplitude
measured without and with oxidized layer for the selected exemplary turbine blades. It is seen that the
Barkhausen parameter measured on leading edge with removed oxidized layer increases slightly with
exploitation time to 39 800 h and then decreases (Fig. 1b). Such relationship was not found for the areas close
to the trailing edge of to turbine blade due to deformations introduced to the material as a result of turbine
disassembly.
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Fig. 1. The Barkhausen noise results coming from trailing edge a), leading edge; b) of turbine blades
3. Theoretical background

The generalized form of the boundary condition including phenomena of oxygen layer, can be expressed
in the following way

(1) 6t (pzvz) + divs(pzvz®vz|) - wnlspzvz + divs(pz) + aa_n (pzn) + (tlnl + fl)
+(t2n2 + fZ) = pzbz + mzvz

where p,v, is the surface momentum density vectors, p, is the oxygen layer density on the boundary. Thus
it has been defined an excess of boundary density p, [mass per unit of area; kg/m?], the slip velocity between
oxygen layer and original solid body v, [m/s], and the surface momentum density vector p,v, (p,v, is just
scalar multiplication). Next, p, is the surface flux of momentum, n is the unit normal vector on the boundary
surface, f isthe boundary force, b, is the body forces on the boundary, 11, is the oxygen layer mass influxes
and w,, normal pressure of fluid acting on the mill scale. Additionally, p, in the boundary layer is usual
spherical pressure tensor changes into but can be changed into an ellipsoidal pressure tensor due to Stokes
normal surface pressure.

It should be added, that surface divergence div, is defined as a right contraction of surface gradient:
grads(.) = grad(.)I,. Tangent to surface component of the slip velocity is v, = v,I5 where the surface Gibbs
identity is defined to be: I = I — n®n . In this approach it is postulated that the boundary force, responsible
for a so-called generalized slip, can be separated by two components: f; and f, in two bodies. Both forces
are the subject of constitutive modelling. Additionally, the bulk flux of momentum t, and t, have to be
multiplied by proper unit normal vectors n; and n, , respectively.

4. Summary

Equation (1) may help at least to decrease a number of experimental attempts to find the proper program of
an experimental to find influence of oxygen layer on Barkhausen noise.
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The present paper concerns the fatigue crack initiation and evolution for metals subjected to loading at stress
level below the conventional yield stress. The stress-strain curve exhibiting the hysteresis loops obtained

during selected cycles with different stress amplitudes o.i below the yield stress oy, highlighting the regime of
micro-plasticity are presented in Fig. 1.
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Fig. 1. Schematic stress-strain curve and the hysteresis loops showing the regime of micro-plasticity

The usual approach is based on averaged stress or strain amplitudes, with numerous fatigue conditions
formulated for uniaxial or multiaxial stress states. However, the process of fatigue damage growth is of local
nature and the account for stress fluctuations should be included [1]. Using the potential offered by the novel
experimental techniques, it is possible to identify physical phenomena and to describe the mechanisms of
degradation and fatigue damage development in modern structural materials [2]. In the present work the
analysis of strain localization preceding crack initiation was performed by means of the optical method ESPI,
namely the Electronic Speckle Pattern Interferometry apparatus using the coherent laser light (Fig.2).

20 40 60 80 100 20 40 60 8 100 0 4 0 8 10 204@0807100 4 60 8 100

1000 cycles 50000 cycles 100000 cycles 160000 cycles 165000 cycles

Fig. 2. Strain distribution maps on the plane specimen surface using ESPI for different stages of the fatigue
process
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The local stress-strain response in damage zones is analyzed by applying nano-indentation tests. The
microindentation tests is a well established tool that enable to estimate local mechanical properties of macro-
samples [3]. The load penetration curves are presented in Fig. 3.
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Fig. 3. Micro-indentation diagram close and distant to the crack front
It has been observed that the inclination of unloading curves far from crack front is lower than that measured
close to the front end however, the residual penetration depth is practically the same. On can conclude that
the elastic modulus is 10-12% lower in the regions of strain localization, while the hardness, that is a
measure of plastic properties is practically the same in all regions. The micro tomographic analysis provides
more detailed characterization of the damage state.
The mathematical model is formulated and applied to study damage evolution under cyclic tension. The
proposed mathematical description of fatigue damage growth and crack initiation is based on the concept of
critical plane. The condition of damage accumulation is formulated after Mroz et al., [4]
Tn—0dg n doy

dp =4(222) 22 (1)
The damage growth on the material plane is related to evolution of surface tractions. It is assumed that, when
the critical stress condition is achieved on the material plane, a damage zone is generated. Afterwards, a
growth of damage zone can be described. In the steady state the process of cyclic loading is described for the
period of stress variation. It was noted that the local stress fluctuations occur at grain boundaries and on
structure boundary components and their influence on the damage evolution and crack initiation is
significant. The functions describing the grain and boundary fluctuations are proposed. The proposed model
was applied to study damage evolution under cyclic tension, with its parameters calibrated by the
experimental data.
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1. Introduction

Typical mechanical parameters such as the Young’s modulus, yield point, ultimate tensile strength as well as
fatigue limit are commonly used to indicate a possible applications of engineering materials. These
parameters are required to carry out successfully all necessary static, dynamic or fatigue analyses. It has to be
mentioned, that they are insufficient for investigations of crack growing. Therefore, the fracture toughness
tests, that capture Stress Intensity Factor (SIF) [1] or Crack Tip Opening Displacement (CTOD) [2], are
usually performed. They are carried out under plane strain state conditions [1, 2] using such parameters as
Stress Intensity Factor and yield point i.e. B > 2.5 (K,c/R%%)*°. When the SIF value cannot be calculated, then
a proportion of the yield point to Young’s modulus must be determined. Usually, it takes values starting from
0.0050 (for B equal to 7.5 mm) to 0.01 (for B equal to 0.65 mm) [1]. Various types of specimens can be used
for such tests, e.g. arc, beam or compact [3, 4, 5]. Their thickness is usually equal to 13 mm [3]. In the case
of smaller specimens it should be reduced up to 8 mm for mini-specimens [4], and 2 mm for micro-
specimens [5]. Nowadays, many efforts of research groups are focused on modern material manufacturing
and an effective failure reasons evaluation. Therefore, the main aim of the paper is to check an applicability
of the mini-compact tension specimens for fracture toughness determination.

2. Details of experimental procedure

Two variants of mini-compact tension specimens were examined, Fig. 1a, d. The first one had a width, high
and thickness equal to 32.5 mm, 31.2 mm and 6.5 mm, respectively, Fig. 1a, whereas the second one had all
these dimensions 1.6 smaller, Fig. 1d.

X180 1885m 42 41

(b)

Fig. 1. Details of the mini-compact tension specimen; (a) general view (Cu+20% Al,O; (fibres)); (b) and (c) the notch
dimensions for SEM analysis; (d) grips, micro-specimen and extensometer mounted in the testing machine

Dimensions of the mini-specimens (Fig. 1a) were checked using Light and SEM microscopic techniques,
Fig. 1b, c. Miniaturized gripping system was used to mount specimens in the testing machine, Fig. 1d.
CTOD was determined using extensometer of 5 mm nominal gauge length and travel for axial strain equal to
2 mm. The miniaturized specimens made of the Mo-40%Al,0s+5Re composite, Ti-6A1-4V alloy, and
titanium alloy were tested. The fatigue pre-cracking was conducted under cyclic force control. A length of
the fatigue pre-crack was checked after final stage of the test by means of microscopic measurements carried
out at five points uniformly distributed along the specimen width, i.e. 0; 25; 50; 75 and 100%. These results
were subsequently used in the procedure of specimen quality assessment according to the required standards.
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3. Results

Experimental data from tests of the mini-compact specimens for all materials in question were analysed on
the basis of force variations versus COD (Fig. 2), and features of fracture zones, Fig. 3. A quasi-linear
relationship can be observed for the Mo-40%Al,05;+5Re composite, Fig. 2. However, calculation of the SIF
value was not possible for this material. In the case of the 44200 aluminium alloy with Saffil fibres a brittle
cracking was obtained, Fig. 3b. The critical value of SIF was equal to 12.2 MPa m*?. In the case of Ti-6Al-
4V alloy tested in the parent and weld material zones (Figs. 2, 3c, d) variations of force versus COD
represented plastic behaviour. The CTOD values determined for those zones were equal to: 0.0703 mm;
0.0872 mm, respectively. An inspection of the fatigue zone dimensions of the CT specimen representing
weld region enabled identification of the unstable grow of the crack, Fig. 3d.
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Fig. 2. Force versus crack opening displacement

(1, 2) (d1, 2)

Fig. 3. Mini-compact specimens: (a) Mo—40%Al,03+5Re; (b) 44200 aluminium alloy 20% Al,O3 Saffil fibres
respectively; (c) Ti-6A1-4V alloy; (d) weld zone for the titanium alloy

4. Summary

The paper presents the results showing that besides of the classical compact specimens also application of
the mini-compact specimens enables reasonable determination of the Stress Intensity Factor and Crack Tip
Opening Displacement for various engineering materials.
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1. Introduction

Wood is one of the most important building materials and nowadays is very popular. The advantages of
wood that cause its popularity are: good strength parameters, weight (wood is much lighter than steel),
facility in woodworking and assembling, good thermal and electric insulation. Wood is a natural material and
hence it has some disadvantages such as: heterogeneity of the material [1-3] and its sensitivity to
moisture, temperature and biological damage [4-7]. Despite numerous disadvantages, the wood is still
widely used in civil engineering.

The development of the wooden constructions was mainly related to good strength parameters of wood and
its wide availability. The most important role in the wooden structures constructions are carpentry joints. The
carpentry connections combine the structure into a whole, transfer the forces and testify highly developed
carpentry technique. The paper refers to the corner wall connections. In the historic wooden objects, the most
popular were the crowned construction of walls [8]. Two types of joints connecting crowned walls at their
corners: short-corner dovetail connection (without protrusion) and saddle notch corner joint (with protrusion)
have been analysed in the paper. The carpentry corner log joints are shaped connections, which fulfil the
purposes such as transferring the loads and ensuring proper position in relation to each other [8]. The
geometry of the joints depends on the place and period of time, where they were used [8-11]. Despite the
popularity of the carpentry corner log joints in the historic wooden structures, it is difficult to find research
on these carpentry connections (see [12-13]). The knowledge of the behaviour of the carpentry corner log
joints is very important due to maintenance, renovation and strengthening of existing elements in preserved
historic wooden objects [8, 14].

2. Material and geometry

All the analysed carpentry corner joints models consists of five logs. Each log of the short-corner dovetail
connection is 700 mm long. In turn, each log of the saddle notch corner joint is 775 mm long. The cross-
section dimensions of both connections are approximately 75 x 135 mm. Due to experimental equipment
possibilities, these dimensions are in scale 1:2 to the logs occurring in the real wooden structures [11]. The
geometries of the short-corner dovetail connection and the saddle notch corner joint have been presented in
Figure 1. All the carpentry connections have been made of the pine wood and most of mechanical properties
have been determined during special small scale experiments before the main tests.

a)

b)

Figure 1: Geometry of carpentry joints: a) short-corner dovetail connection, b) saddle notch corner joint
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3. Experimentation and numerical calculation

The laboratory tests have been performed for the short-corner dovetail connection and the saddle notch
corner joint. Three tests for both carpentry connections have been carried out using biaxial testing machine.
Before testing, each log of a join has been weighted and the wood moisture has been tested using
a hygrometer. The displacements of the four joint’s points selected at the logs surface have been recorded
with an optical extensometer to better describe the connection’s deformation.

In order to verify the obtained experimental results, the numerical calculations have been performed. They
have been carried out using MSC.Marc software. Both the short-corner dovetail connection and the saddle
notch corner joint have been modelled using solid elements. Between logs of the carpentry joints, the contact
phenomenon with the proper friction coefficient has been defined. The finite element mesh is more dense in
the connections’ corners than in the rest of analysed joint to improve the accuracy of stress distribution. The
results of experiments and the simulations have been compared and the regions of the potential damages
have been established.

More details on conducting experiments and numerical analysis will be presented during the conference.
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1. Introduction

Low-level electric signals, generated during mechanical loading of specimens made of quasi-brittle materials,
provide valuable information about internal damage processes. These signals are the result of formation and
growth of micro-cracks [1], which are the origin of electric charges, constituting either electric dipoles or
even more complicated electrically charged systems. Indeed, during cracking ionic bonds break, polarising
the newly created crack edges, thus creating electric dipoles. These dipoles produce an electric potential across
the crack allowing an electric current to flow. This current, denoted as Pressure Stimulated Current (PSC) [2]
can be detected and recorded by means of ultra-sensitive electrometers using sensors in the form of pairs of
golden electrodes attached on the specimens. In this study an attempt is described to qualitatively correlate
the PSC signals with the data provided by another sensing technique, i.e., the Acoustic Emissions (AE)
technique, which is worldwide considered as a mature tool for understanding the mechanisms activated
before and during failure processes, and also as an efficient Structural Health Monitoring tool [3].

2. The experimental protocol

Prismatic specimens of square cross section, made 0.004

of either Dionysos marble or cement mortar were

subjec_ted to uni—a>§ial compression. The dimension_s 0.003 1 - Marble //
of their cross section were 50 x 50 mm? and their

length equal to 100 mm. The experiments were Cement

quasi-static under load-control mode. The load was 0.002

imposed monotonically, until fracture of the speci-
mens, at a constant rate (for the whole duration of
each experiment) equal to about 0.35 MPa/s.

During loading, the axial force, the axial strain, the
PSC signal and the AE data (of amplitude equal or 0.000

Axial strain

0.001

0 50 100 150 200

higher of 45 dB) were recorded as functions of time.

In Fig.1 the time evolution of the axial strain for two Time [s]

typical tests is shown. Given that the experiments Figure 1: Axial strain vs. time for marble and
are load-controlled, these graphs correspond to the cement specimens.

stress-strain ones. As it is expected for very brittle

materials, both graphs are characterized by almost perfect linearity (excluding an initial region, where bedding
errors prevail, and the region very close to the fracture stress, where some non-linearities are expected). The
moduli of elasticity determined are equal to about 70 GPa for marble and 20 GPa for cement mortar.

3. Acoustic versus electric activity - The F-function

An alternative method for representing the acoustic emission activity is adopted in the present study, in terms of
the F-function, corresponding to the mean frequency of occurrence of AE hits in a time interval, in which n
successive hits are recorded. F-function is plotted taking advantage of the interevent times of a sufficient
number n of successive hits (it is here assumed that n=50). Each value of the F-function is paired to an average
time instant t of the time instants of the n successive hits used to calculate the specific value of F-function.
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The time variation of the F-function and the 1000 < 0.004
PSC is plotted in Fig.2, for two character- i \\

istic experiments, one for marble (Fig.2a) L O g 3

and one for cement (Fig.2b). The plots are ST SIS L 0.003
realized against the (t;-t) or the (t;-1) para- < 100 1

meters (where t; is the time instant of final :Q i

fracture of the specimens) in logarithmic 2 L 0002 B
scales, in an attempt to better enlighten pro- = Fys (tf-0) : ks
cesses at the very last loading steps before @ 1o | PSCvs (i) 1 IR E:
the specimens’ fracture. In the same figures, = f —— ~slope=-071 f | 0.001
the respective time variation of the axial ™ [~ slope=-084 '
strain is plotted, together with its linear fit. | © strainvs(tf-f) :

The overall qualitative similarity between A finearfitstrain_ | . 0

the time evolution of the PSC signal and (a) 0.1 1 10l 100 1000

the F-function is quite striking for both ma- (- t) or (tr - 7) [s]

terials. Moreover, it is worth mentioning,

that after the time instant t,, at which the 1000 i Fvs (tf-0) 0.0025
materials enter the non-linear portion of ——— slope=-1.20

the respective constitutive law (indicated by I PSC vs (tf-t)

the dotted red line in Figs.2(a,b)), the plots W\ ——— slope=-1.04 | 0.002

of both the PSC and the F-function are T 100 4 INK strain

perfectly described by a power law of the <= i R S linear fit strain | 0.0015
following form: 3 : \\\ g, '

(1) PSCorF=A(t, —1)" E NN E
where A and m are numerically determined é \\\\5 , [ 0001 g
constants. The values of the constant m, re- ‘i’ 10 T \\\3\ <
presenting the slope of the fitting lines in \;\\\\ L 00005
Figs.2(a,b), vary in a rather narrow interval : % '

(from -0.71 s to -0.84 s for marble and from :

-1.04 s to -1.20 s for cement). . . Vv . 0
Finally, it is to be mentioned that, for both (b) 01 1 10 b 100 1000

the PSC signal and the F-function, the time (-t or (ko) [5]

evolution exhibits a clear maximum value, Figure 2: The PSC and the F-function against the (t;-t) or
which is attained a few seconds before the (ts-7) or parameters, in juxtaposition to the respective
final collapse of the specimens. variation of the axial strain, for marble (a) and cement (b).

4. Concluding remarks

The time evolution of the PSC recorded during compression of brittle materials and the respective one of the
acoustic activity, expressed in terms of the F-function, exhibit common qualitative characteristics. Moreover,
they provide clear indications that either the materials abandon linearity, exhibiting increased rate of damage
(designated by a power law dependence of PSC and F-function on the (t-t) parameter) or that fracture is ap-
proaching (designated by the attainment of a maximum value a little while before the specimens’ collapse).
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1. Summary

Infrared thermography is a non-destructive test method based on infrared measurement that provides a
luminance map of the thermal scene observed, converting to temperature. The thermographic study allows a
surface observation of the thermal effects in order to display the result as a film of the temperature distribution
[1].

The present study focuses on the detection of volumetric energy sources in beams covered by viscoelastic
patches. The objective is to establish a relationship between the mechanical energy dissipated by patches and
the temperature elevation, which occurs in areas of high deformations and appears on the surface by thermal
conduction [2].

The experimental device is composed of a thermal
camera, an aluminum patched beam, a shaker, a
generator and a power amplifier.

During the experimental study, an infrared thermal
camera was used to obtain a thermal field of the
beam surface covered with the patch, without direct
contact with the equipment. The aluminum beam
(200 x 16 x 1 mm?) is covered with a black paint of

Thermal camera

Patched beam |

] high emissivity.
The viscoelastic patch consists of two layers: a first
Modulation L layer of thickness 0.5 mm, consisting of a

viscoelastic material and a second aluminum layer of
thickness 0.2 mm. The viscoelastic material has a
density of 1190 kg / m?, a Poisson's ratio of 0.45 and
a Young's modulus of 10 MPa.

Shaker

Amplifier

Figure 1: Experimental device

This energy study was conducted successively at a frequency near the first and the second mode of the patched
beam, because more energy is stored in lower order (frequency) modes.

These modes, whose frequency around 20 Hz and 155 Hz, have been identified by a vibration test using an
accelerometer and a laser doppler vibrometer (ldv) [3]. The excitation signal was a sine modulated by
rectangular signal whose period is around ten seconds. The purpose is to measure the evolution of the surface
temperature of the beam, as a function of time.

These tests were performed to observe the response of the viscoelastic material to the stresses appearing in it
according to the vibrations undergone. The temperature measurements are made on several zones of 20x20
pixels (corresponding to approximately about 1cm?) along the beam.
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Figure 2: (a) Module of Fourier transform of temperature, Temperature evolution vs position: (b) first
mode and (c) second mode, Energy dissipated per cycle: (d) first mode and (e) second mode, calculated
with the software Actran.

Because of small temperature differences, and to minimize random noise, averages were calculated on each
zone. Fourier transform calculation allows to highlight these differences in temperature, dependent on the
modulation frequency (Figure 2a).

o
o
ik

Several measurements were conducted along the beam to correlate the temperature difference (Figure 2b and
2¢) and the dissipated mechanical volumetric energy generation in the viscoelastic patch (Figure 2d and 2e).
Depending on the position of the treatment zones, it is observed that the temperature decreases and the beam
dissipates less energy (Figure 2b and 2¢). Therefore, we can say that, for the first two modes of vibration, the
temperature and the energy have approximately the same profile.

By a reverse method, it is possible, depending on the surface temperature field, to obtain the location of the
power density [4]. Therefore, the areas of high mechanical stress in the viscoelastic patch can be localized.
These experimental tests provide information to better understand the behavior of viscoelastic patches
according to the mode of the studied structure and especially to verify by a non-contact measurement the
efficiency of patch position.

Such studies based on experiment and numerical modeling could be useful, in future work, to optimize
positions and dimensions of viscoelastic patches and to locate sticking problems of patches on different
structures.
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1. Introduction

The polycrystalline nickel-based superalloys are typically used in components that work at elevated temperature
in aggressive media. The key feature of these alloys is that they are able to keep their mechanical properties
at relatively high temperatures. This makes them ideal candidates to manufacture aircraft engine components
such as casings, diffusers or blades. The operating temperatures of turbine casings generally range from 400 °C
to 800 °C. Increase of working temperature leads to the reduction of deformation resistance. The aim of this
paper is to present experimental investigation and numerical simulation of laser-assisted bending of Inconel 718
alloy. The research is directed towards applications of hybrid thermal-mechanical forming in manufacturing of
thin-walled components of aircraft engines [1], [2]. A good understanding of deformation behavior of Inconel
718 sheet metal within wide range of temperatures is a prerequisite for reliable numerical simulation of laser-
assisted bending process and for processing parameters optimization.

2. Material and experiment

The chemical composition of the used Inconel 718 alloy (wt%) is the following: 52.9 Ni, 19.83 Cr, 3.12 Mo,
4.83 Nb, 0.05 Co, 0.29 Mn, 0.14 Si, >17.1 Fe, 0.60 Al, 1.04 T'i. A commercial Inconel 718 sheet blank in
the as-received state, with an average initial grain size of 17.5 pum, was used in this work. The 1.0 mm thick
and 20 mm wide specimens tested in the present investigation were laser-cut from the rolled sheet metal.

The experimental setup for laser-assisted bending of thin beams under mechanical load and heating with a
moving laser beam is presented in Fig. 1 (left) (1 - sample, 2- laser beam, 3 - holder of the weights, 4 - auxiliary
plate, 5 - the optical displacement sensor).

| Quasi-static laser assisted bending of the sheet blank

E
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Figure 1: The scheme of laser-assisted bending of thin beams under mechanical load and heated with a moving
laser beam (left) and a comparison of the free-end deflection U as a function of time, measured in experiments
and calculated numerically for different mechanical loads.

In experiments of laser-assisted bending a CO, TRUMPF TruFlow6000 laser operating in the continuous wave
(CW) mode and emitting radiation of 10.6 micrometres wavelength was used. The applied optical head pro-
duced approximately rectangular 20 x 2 mm laser spot on the material surface. The laser spot covered the whole
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width of the laser-treated specimen. Laser beam of power 200 W had velocity 200 mm/min (3.33 mm/s) with
respect to the specimen. In order to increase coupling of laser power, each specimen was coated with a black
paint. The laser processing parameters were chosen so as to obtain the highest material temperature of 750 °C.

Deformation of the specimen was measured using an optical displacement sensor MicroEpsilon LLT1700. The
gravitational load of the sample originated from its own weight and from the weights (external load Q) attached
to its free end, at a distance of 175 mm from the fixture. A series of experiments was conducted with different
values of the external load @ in the range from 1.1 N to 4.5 N (110 to 460 G). After the specimen had been
loaded mechanically by its own weight and the external load () (gravitational load), it was heated with a laser
beam moving along longitudinal axis x, starting from the position x = 150 mm towards the fixed end of sample
x=0).

3. Numerical simulations and results

In order to study the behavior of the Inconel 718 alloy during laser-assisted bending under static mechan-
ical load, a series of computer simulations was performed. Different constitutive models were used in the
simulations. It was concluded that for the process of hybrid thermal-mechanical bending a good agreement
between calculations and experimental results is obtained using the isotropic strain hardening model with the
Huber-Mises-Hencky yield criterion and the flow stress (o) described by the Johnson-Cook model [3], which
is defined as a function of plastic strain (ePY), the strain rate (here ¢ = 0.003 1 /s) and temperature (7') in the
form o = (A + B - (?H)")(1 + Cln(%))(l — (T*)™), where &g (0.001 s~! in this work) is the reference
strain rate, 7" = (T' — T,.) / (T, — 1), Ty, is the melting temperature (1250 °C in this work) and the reference
temperature T, is determined as 20 °C in this work. The values of A, B, n, C' and m are obtained from the
fitting based on experimental data, and are as following: A=450 MPa, B=2100.95 MPa, n=0.76, C'=0.02 and
m=L1.5.

Numerical simulations were conducted using the commercial finite element method program ABAQUS. The
influence of the plastic deformation on material temperature and thermal effects due to microstructural changes
were neglected for the considered nickel-based superalloy. The thermal-mechanical sequentially coupled quasi-
static analysis was conducted in two separate steps: (1) determination of temperature field under prescribed heat
load and boundary conditions, and (2) elastic-plastic incremental analysis of stress and strain due to the mechan-
ical load and thermal load, using the calculated temperature field. Symmetry condition in the thermal problem
was accounted for by considering the plane of symmetry as adiabatic, whereas heat convection and radiation
was allowed on all other surfaces of the model. The DC3DS8 elements for the thermal problem, and compatible
elements C3D8 for mechanical analysis were used. A comparison of the free-end of sample deflection U as
measured in experiments and calculated numerically as a function of time for mechanical loads @) 110 G (1.08
N), 160 G (1.57 N), 260 G (2.55 N), 310 G (3.04 N) and 460 G (4.51 N) is presented in Fig. 1 (right).

Experimental study and numerical simulations showed that forming performance of Inconel 718 plates can
be significantly improved by laser heating under mechanical pre-loading. With the identified model of the
constitutive response of Inconel 718 sheet blanks various forming processes with similar conditions can be
studied.
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