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Abstract

Two classes of composite materials are considered: classical metal—ceramic composites with reinforcing hard inclusions as well as hard
ceramics matrix with soft gel inclusions. Movable cellular automaton method is used for modeling the mechanical behaviors of such different
heterogeneous materials. The method is based on particle approach and may be considered as a kind of discrete element method. The main
feature of the method is the use of many-body forces of inter-element interaction within the formalism of simply deformable element
approximation. It was shown that the strength of reinforcing particles and the width of particle-binder interphase boundaries had determining
influence on the service characteristics of metal—ceramic composite. In particular, the increasing of strength of carbide inclusions may lead to
significant increase in the strength and ultimate strain of composite material. On the example of porous zirconia ceramics it was shown that the
change in the mechanical properties of pore surface leads to the corresponding change in effective elastic modulus and strength limit of the
ceramic sample. The less is the pore size, the more is this effect. The increase in the elastic properties of pore surface of ceramics may reduce its

fracture energy.
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1. Introduction

Composites are widely used in industry and nature. Usually
the composites consist of matrix, which constitutes the main
part of the material, and a large number of small sized in-
clusions. Inclusions, as a rule, have higher physical and me-
chanical properties and are designed to improve the useful
properties of composites. Typical examples are dispersion-
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reinforced materials and, in particular, metal—ceramic com-
posites [1]. The availability of hard inclusions allows pro-
ducing the ultra-hard materials for cutting tools, and the
antifriction and protecting materials for aircraft building [2],
etc. In case of porous materials, the void “inclusions” provide
high heat-insulating properties and low specific density [3—5].

Composites consisting of hard matrices with soft inclusions
are not practically used in industry. As an exception, we can
refer to metal—ceramics for self-lubricated bearings, which
are produced by sintering of mixture of iron and carbon
powders followed by oil saturation. Much more such materials
exist in nature, first of all as fluid-saturated geological media
and bone tissues of animals and man.
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It has to be noted that the properties of a composite are
often determined by the properties of the components and the
fraction of inclusions. They also depend on the size and shape
of inclusions as well as the properties of matrix—inclusion
interface in a complicated way [6—8]. That is why the problem
of composite modeling is very difficult and complex.

An important trend in mechanics of composite is to develop
and apply the numerical methods to study the dynamics and
peculiarities of mechanical behavior of heterogeneous mate-
rials and structures under complex loading conditions. The
advantages of numerical modeling in comparison with
analytical solutions are associated with the ability to consider
complex geometry of the system, to take into account het-
erogeneous structure of the material as well as to study in
details the dynamics of fracture and the related processes of
redistribution and dissipation of elastic energy in the sur-
roundings of the crack. At the same time, these advantages
make strong demands for the formalism of applied numerical
methods.

The most of research on computational mechanics are
performed using finite element method. This method belongs
to continuum concept in mechanics, i.e., it assumes that the
state controlling variables distribute in space continuously. At
the same time for modeling the severe distortion and failure of
a material, converting finite elements into particles is more
effective and promising [9]. In Ref. [10], so-called meshless
(or mesh free) method were used for this purpose (namely
smoothed particle hydrodynamics and generalized particle
algorithms). Strictly speaking, meshless methods are not pure
particle ones. They just use the scattered nodes associated with
the centers of finite volumes to discretize the continuum me-
chanics equations in space, i.e., they are really based on
continuum approach. Concerning the problem of modeling
heterogeneous media, it should be noted that at least 3—5
meshless  particles are required to represent a
matrix—inclusion interface. A true particle method can
describe this interface using just one particle. The principal
difference of particle methods from computational methods in
continuum mechanics is to replace the continuous represen-
tation of a material with an ensemble of interacting particles
(at micro-, meso- or macroscopic scale) or point masses (at the
atomic scale within the framework of molecular dynamics or
Monte-Carlo method). This in turn determines the difference
in governing equations as well. In particular, the conventional
partial differential equations of continuum mechanics are
replaced by Newton—Euler equations governing the motion of
discrete ensemble. Constitutive laws for the considered ma-
terial in tensor form, which conventionally describes the
relationship between local stress and strain or their time de-
rivatives, therewith are replaced by the potentials/forces of
inter-particle interaction. One of the most important conse-
quences of these features of particle-based methods is an
inherent capability of the discrete objects (particles) to change
their surroundings (interacting neighbors). This feature makes
“discrete” methods extremely attractive for direct modeling of
complicated fracture-related processes including multiple

fracture accompanied by formation and mixing of large
number of fragments [11—17].

The key points determining the behavior of an ensemble of
simple deformable discrete elements are the structural form of
the expressions for central and tangential interaction between
elements and the relationship between these expressions and
constitutive law of the modeled material. A conventional
approach is based on the use of pair-wise elastic interaction
forces which can be treated as springs between elements.
Corresponding value of the spring stiffness is derived on the
assumption that strain energy stored in a unit cell of deformed
element ensemble is equal to the associated strain energy of
the equivalently deformed continuum [18,19]. An approxi-
mation of pair-wise interaction has a number of important
limitations, among which are the following: i) maximum value
of Poisson's ratio of element ensemble depending on packing
of elements; ii) packing-related artificial anisotropy of me-
chanical response of the ensemble; iii) fundamental problems
in correct simulation of irreversible strain accumulation in
ductile materials.

Our research shows that many of these problems can be
solved by using many-particle interaction [20—22]. Note that
the construction of such relations becomes possible due to
using a hybrid computational technique to combine the
mathematical formalisms of discrete elements and cellular
automata [23]. Many-body formulation of inter-element forces
is adopted from the Wiener—Rosenblueth model of cellular
automaton interaction [23,24]. This hybrid technique is
referred to as movable cellular automaton method (MCA)
[21,22,25,27]. The proposed generalized expression for inter-
element forces is the ability to establish the relationship be-
tween vector parameters of the interaction and tensor param-
eters of the material constitutive law. It makes possible to
implement different models and criteria of elasticity, plasticity
and fracture within the mathematical formalism of MCA.

This paper is devoted to the computational study of com-
posite materials consisting of matrix and equiaxial inclusions
using MCA method. The main peculiarity of the considered
composite is the ratio of mechanical properties of the matrix
and inclusions that varies in a wide range. First, we study the
classical dispersion-reinforced material based on the example
of metal ceramics. Then the porous ceramics with soft gel
inclusions are considered. In the last case, the inclusion ri-
gidity is much less than the matrix one. The main attention of
the study is paid on the influence of properties and width of
inter-phase boundaries on the effective mechanical properties
of the composites.

2. Method of movable cellular automata

Within the frame of MCA, it is assumed that any material is
composed by a certain amount of finite size elementary objects
(automata) which interact among each other and can rotate and
move from one location to another, thereby simulating a real
deformation process. The automaton motion is governed by
the Newton—Euler equations
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where R;, 0 ;, m; and J; are the location vector, rotation vector,
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mass and moment of inertia of ith automaton, respectively; F

is the interaction force of the pair of ith and jth automata; and
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F; is the volume-dependent force acting on ith automaton and

depending on the interaction of its neighbors with the remaining
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automata. In the latter equation, M; = q;(n'y x F; )+ Ky,

where g;; is the distance from the center of ith automaton to the

point of its interaction (“contact”) with jth automaton,
— - = . . .
n ;= (R; — R;)/r; is the unit vector directed from the center

of ith automaton to the jth one and r;; is the distance between

automata centers (Fig. 1), ?,j is the torque caused by relative
rotation of automata in the pair (see below).

Note that the automata of the pair may represent the parts
of different bodies or of one consolidated body. Therefore its
interaction is not always really contact one. That is why we
put the word “contact” in quotation marks. More of that, as it
shown in Fig. 1, the size of the automaton is characterized by
one parameter d;, but it does not mean that the shape of the
automaton is spherical. Real shape of the automaton is
determined by area of its “contacts” with neighbors. For
example, if we use initial FCC packing, then the automata are
shaped like a rhombic dodecahedron, but if we use cubic
packing, then the automata are cube-shaped.

For locally isotropic media, the volume-dependent
component can be expressed in terms of the pressure P; in
the volume of the neighboring automaton j as follows [21,22].

Q Ni
F,=-AY PS;;
j=1

where §; is the area of interaction surface of automata i and j;
and A is a material parameter.
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(a) Parameters of central interaction

The total force acting on automaton i can be represg;}ed as
a sum of explicitly deﬁned_}r;ormal component F,; and
tangential (shear) component F
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where Fl';air"" and Fg.air’r are the normal and tangential pair
interaction forces depending respectively on the automata
overlaB> sﬁalr(Fig. 1(a)) and their relative tangential displace-
ment [ i (Fig. 1(b)) calculated with taking into account the
rotation of both automata [26,27]. Note that, although the last
expression of Eq. (2) formally corresponds to the form of
element interaction in conventional discrete element models
[28—32], it differs fundamentally from them in many-particle
central interaction of the automata.

Using homogenization procedure for stress tensor in a
particle described in Refs. [27,32], the expression for the
components of the average stress tensor in automaton i takes
the form

I g
Tag = > dimiaFig (3)
1 j=1

where « and § denote the axes X, Y, Z of the laboratory co-
ordinate system; V; is the current volume of automaton i; n; 4
is the o-component of unit vector 7'; and Fyg is B-compo-
nent of the total force acting at the point of “contact” between
automata i and j.

The mean stress @' ., in the automaton volume at the
pressure P; can be determined from the calculated stress tensor
components

-1 -1 -l
P = _Efnean = _M (4)

(b) Parameters of tangential interaction

Fig. 1. Schematic diagram of determining of the spatial parameters of a pair of the movable cellular automata i and j.
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Tensor components allow us to calculate the other tensor
invariants in the automaton volume, in particular stress
intensity

i, which may be computed using Eqs. (3) and (4) at previous
time step or by predictor-corrector scheme.
To determine a parameter characterizing shear deformation

From Egs. (1)—(3) it follows that the specific form of the
expressions for F;"" and F}""" determines the rheological
behavior of a model medium.

For further convenience, the interaction parameters of
movable cellular automata are considered in relative (specific)
units. Thus, the central and tangential interactions of the
automata i and j are characterized by the corresponding
stresses 7;; and 7

F' =n;S;
ij ij9ij
{ Fl:/ =T USU

Note that, in the most of papers devoted to the description and
use of MCA, the equations and formulas of the method are
written for two-dimensional case. This study uses three-
dimensional version of the MCA method. That is why herein
shear stress 7 is a vector in the plane which is normal to 7.

To characterize the deformation of automaton i under the
normal interaction of automata i and j, we can use the
following dimensionless parameter (normal strain)

qij — di/ 2 (7)
di/2
In general case, each automaton of a pair represents

different material, and the overlap of the pair is distributed
between ith and jth automata

&=

Ahy = Ag; + Dg; = AEyd; /2 + DEd; /2 (8)

where symbol A denotes the increment of a parameter per time
step At of numerical integration of the motion equation (1). The
distribution rule of strain in the pair is intimately associated with
the expression for computing the interaction forces of the
automata. This expression for central interaction is similar to
Hooke's relations for diagonal stress tensor components

A, =2G <A§ij> + (1 - 2G/K> P, (9)

where K is the bulk modulus; G is the shear modulus of the
material of ith automaton; and P; is the pressure of automaton

in pair of automata i—j, we start with kinematics formula for
free motion of the pair as a rigid body

7]'—?,':6},']' X T)ij (10)

where 7’,7 = (E}j - ?i), V'; is the translation velocity of the ith
automaton centroid; and U,j is the rotational velocity of the pair
as a whole (rigid body). If we multiply both sides of Eq. (10) on
the left by 7,7 and neglect rotation about axis connecting centers
of the automata of the pair (i.e. let 3,;,47,7 = 0 because the
rotation about the axis of the pair does not produce a shear
deformation), then we get the following formula
Ty (V=) wyx (V=)
Wiy = = = (11)
ij rij

Besides such rotation of the pair as a whole (defined by
the difference in translational velocities of the automata),
each automaton rotates with its own rotational velocity @;
(Fig. 2). The difference between these rotational velocities
produces a shear deformation. Thus, the increment of shear
deformations of automata i and j per time step Af is defined
by the relative tangential displacement at the contact point
Al?}‘ear divided by the distance between the automata

Fig. 2. Translational and rotational velocities of the automata.
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The expression for tangential interaction of movable
cellular automata is similar to Hooke's relations for non-
diagonal stress tensor components

AT, =2G(AT,) (13)

and is pure pairwise.

The difference in automaton rotation leads also to the
deformation of relative “bending” and “torsion” (only in 3D)
of the pair (Fig. 3). It is obvious that the resistance to relative
rotation in the pair cause the torque, which value is propor-
tional to the difference between the automaton rotations

Ky=-(Gi+G)(¥,- 7)) (14)

Egs. (1)—(4), (6)—(9), (11)—(14) describe the mechanical
behavior of a linearly elastic body in the framework of MCA
method. Note that Egs. (8), (9), (12) and (13) are written in
increments, i.e., in the hypoelastic form. In Ref. [33] it is
shown that this model gives the same results as the numerical
solving usual equation of continuum mechanics for isotropic
linearly elastic medium by finite-difference method. That
makes it possible to couple MCA method with the numerical
methods of continuum mechanics. The results in Ref. [26]

Fig. 3. Deformation due to relative rotation between automata.

(12)

show that the rotation allows the movable cellular automata
correctly to describe the isotropic response of material.

We propose to use the plastic flow theory (namely von
Mises model) for the description of elastoplastic behavior
within the MCA method. For this purpose Wilkins' algorithm
[34] is adapted to the MCA method [27,40]. It is well known
that Wilkins' radial return algorithm consists in the solution of
elastic problem in the increments and subsequent “drop” of
components of deviator stress tensor Dyg = 0o — 1 /301404
to von Mises yield surface in the case that stress intensity
exceeds it (Fig. 4)

Dy =DM

where M = opl/ Oint» Oine 18 stress intensity; and oy is current
radius of von Mises yield circle.

This algorithm, as applied to the automaton i, can be
written in the following notation

(@) = (@l -

() =M,

where o,8 = X, Y, Z and a # g, (Efm)’ and (Efw)/ are the
returned (corrected) average stress tensor components; @, and
Efxﬁ are the components of stress tensor, which result from the
solution of elastic problem at the current time step;
M; = a},/7}, is the current value of the coefficient M for the
automaton i; and oy, is the current radius of von Mises yield
circle for the automaton i.

By analogy with the elastic problem, the specific normal
and tangential interaction forces are corrected with the use of
the current value of coefficient M by directly reforming Wil-
kins' algorithm for average stress (Eq. (15))

—i —i
Jmean)Mi + Umean

(15)

J/

€int

Fig. 4. Schematic of functioning of Wilkins' radial return algorithm.
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P)M; + P;

(1=
TiM;

where ngj and T;j are the corrected specific forces. It is easy to
show that the substitution of these relations for Egs. (2) and (3)
automatically ensures to return the components of average
stress tensor in the automaton to the yield circle.

Thus, the rheological properties of the material of the au-
tomaton i are determined by defining a unified hardening
curve ol = ®(&,,) (here &, is the average intensity of strain
tensor that can be computed, similar to ﬁfw [27,32]); this
dependence is also named as automaton response function.

The equations of motion, i.e., Eq. (1), for the system of
movable cellular automata are numerically integrated with the
use of velocity Verlet algorithm modified by introducing a
predictor for estimation of Efw at the current time step [35].

A pair of elements might be considered as a virtual bistable
automaton having two stable states (bound and unbound),
which permits simulation of fracture and coupling of frag-
ments (or crack healing) by MCA. These capabilities are taken
into account by means of corresponding change of the state of
the pair of automata (Fig. 5(a)). A fracture criterion depends
on the physical mechanisms of material deformation. An
important advantage of the formalism described above is that
it makes possible direct application of conventional fracture
criteria (Huber—Mises—Hencky, Drucker—Prager,
Mohr—Coulomb, Podgorski, etc.), which are written in tensor
form.

To use a conventional fracture criterion for breaking inter-
automaton bond, the local stress tensor at the area of inter-
action (“contact” area) of the considered pair i—j (hereinafter
we denote this tensor as O’Z, ) has to be determined. For
simplicity, the definition of this tensor is shown below for 2D
case (an extension to general 3D case is trivial).

In the local coordinate system X'Y’ of the pair (Fig. 5(b)),
the components 77, and ¢y, , for the pair i—j are numerically
equal to the specific forces of central (o;;) and tangential (7;)
interaction of the automata (these forces are applied to the

“contact” area S;;). The other components (ax,x, and U”,,) of
local stress tensor in the local coordinate system X’ Y are
defined on the basis of linear interpolation of the corre-
sponding values (7., and @, 7 ., and a’ ) for the automata
i and j to the area of interaction

unlinking e

linking

(a) Switching between bound (at the left) and

unbound (at the right) states

Uj/ /:( I% /CI/1+0J/ /q’J)/rl/

() (JZ/Z/q,,-i-U / Iql])/rl] (16)
where @, g and 5{1/ g are the components of average stress
tensor in the volume of automata i and j in the local coordinate
system of the pair. )

Thus the defined components O’Z,ﬂ, can be used for calcu-
lating the necessary tensor invariants which then can be used
to calculate the current value of the fracture criterion applied.
For example, the unbinding condition for the pair i—j based on
the fracture criteria of Drucker and Prager is as follows

o’ ,0.5(a+1)+ ol

mean

1.5(a—1) =g, (17)

where o, is the corresponding threshold value for the pair
(strength of cohesion/adhesion); a = o./g, is the ratio of
compressive strength (g.) to tensile strength (g,) of the pair

i i oo
bond; and o7, and a7, are the corresponding invariants of the

stress tensor 0’({[, "

When the explicit scheme of integration of motion equa-
tions is used, the value of time step At is limited from above by
a quantity associated with the time of sound propagation
through the bulk of element. Normally the time step is equal to
or less than a quarter of this limit. In such a situation the
conventional model of bond breaking during one time step At
is an idealized condition because it virtually suggests that the
spatial separation of atomic layers occurs uniformly over the
whole surface of interaction of elements. Herein the following
approach is suggested for more accurate description of the
crack growth dynamics. It is assumed that the breaking of a
bond (linked — unlinked transition of the pair state) is a
process distributed in time and space. To express it numeri-
cally, we propose to use the dimensionless factor klmk
o< kllnk < 1) which has the meaning of the portion of linked
part of the contact area Sj;. In this case, the linked part of the
contact area in the pair i-j is expressed as Shnk = Skl Thus,
the dynamics of bond breaking is determined by the depen-
dence kj, (1), where ki, decreases from the initial value 1
(totally linked pair) to the final value O (totally unlinked pair).
Depending on the automaton size and features of the internal
structure of the material the stable or unstable crack growth
models can be applied to describe the pair bond breaking.

(b) Definition of instantaneous

coordinate system X'V’

Fig. 5. Schematic diagram of the interacting pair of automata i and j.
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In the first model (stable crack growth), the process of
fracture develops in accordance with the predefined
dependence

) <0

where e’f is the pair equivalent strain which can be calculated,
for example using the components of the strain tensor eaﬂ
defined by analogy with agﬁ In the simplest case, this
dependence can be considered as a constant.

In the second model (unstable crack growth), itis assumed that,
if the fracture criterion threshold is exceeded, then a crack begins

to grow spontaneously according to the somehow specified law

lmk/dt - ( lmk ) <0

where ¢ is time. In the simplest case, this dependence can be
considered as a constant, which means that the crack advances
through the pair interaction area at the constant velocity Vi ack.
The value of V., is a predefined (model) parameter, which
reflects the rheology of the interface material between the
interacting elements. In particular, for brittle materials, Vi ,cx
could be close to Raleigh wave speed, while for ductile ma-
terials, its value should obviously be significantly smaller.

The distinctive features of interaction of “unlinked” (i.e.,
contacting) automata i and j, among others, are (i) lack of
resistance to tension (a pair is considered as interacting one if
o; < 0 only); and (ii) limited magnitude of the force of
tangential interaction. Maximum value of the tangential force
(7;)) allowed between “unlinked” automata is determined by
the model of friction applied (for example, Amonton's law,
model of Dieterich and so on).

ij iopio i
dkhnk/dgmt (geq7 klink’ 6‘eq’ ot

3. Study of particle-reinforced metal—ceramic composites

Metal—ceramic composites (MCC) are the advanced rep-
resentatives of dispersion-reinforced materials, which have the
enhanced values of mechanical and service characteristics,
such as strength, stiffness-to-weight ratio, crack growth
resistance, wear resistance, fracture energy, ratio of thermal
conductivity to thermal expansion coefficient, thermal stability
and so on. This makes them very attractive for widespread use
in various industries, such as materials for extreme operating
conditions [2,36]. At the present time, the working parts of
machines and mechanisms operating under the conditions of
shock loading, abrasion, high temperature and corrosive
environment are made mostly of metal—ceramic composites
on the basis of very hard and refractory compounds (carbides,
nitrides, carbonitrides) with metallic binder (nickel and iron
alloys) [1,2,37]. These materials are fabricated from the
powder mixtures of the compounds by powder metallurgy
methods [2,38]. The mechanical and physical properties of the
sintered metal—ceramic composite are determined, in addition
to phase composition, by a number of structural factors (vol-
ume fraction, dispersion, geometry and faultiness of rein-
forcing particles, structural-phase state of metallic binder, etc.
[2,39,40]).

Numerical simulation is of great importance for studying
the mechanical properties of composite materials and their
dependence on geometric and mechanical characteristics of
inclusion-matrix interfaces. In this paper, MCA method is
applied to study the influence of reinforced ceramic inclusions
and geometric (width) properties of inclusion-binder inter-
phase boundaries on the peculiarities of mechanical response
of metal—ceramic composite under dynamic loading. TiC-
particle-reinforced Ni—Cr matrix composite (50 vol.% of
TiC inclusions with average size of 3 um) is chosen as a model
system classified as metal—ceramic composite material in
which the inclusions are much stiffer than the binder.

Note that, for correct simulation of mechanical response of
such complex heterogeneous materials, it is necessary to take
into account main features of their internal structure. For this
purpose, a two-dimensional structural and rheological model
of MCC in the framework of MCA method was proposed in
the paper. In this model, each of the composite constituents is
simulated by an ensemble of movable cellular automata with
appropriate rheological parameters (thus the cellular autom-
aton simulates a domain/fragment of an inclusion, or a binder,
or an interface zone). As an example of MCA-based structural
model, Fig. 6(a) shows the structure of an idealized metal-
—ceramic composite with TiC particles having an equiaxed
shape and the average size Dric of 3 um. The components of
the metal—ceramic composites have very different rheological
characteristics (in case of considered composite these are
elastic-brittle high-strength TiC inclusions and elastic—plastic
NiCr binder). For correct modeling of deformation and frac-
ture of such complex systems, the mathematical formalism of
constructing many-particle interaction forces for cellular
automata (discrete elements) with different rheological char-
acteristics was developed [27,33,41].

In the following calculations, the plane stress approxima-
tion is used. The elastic constants and diagram of uniaxial
loading of the material are used as the input parameters of the
model to characterize the inter-element interaction (the me-
chanical response function of movable cellular automaton).
The response function of automaton modeling NiCr is
considered as a stress—strain diagram with linear hardening
(Curve 1 in Fig. 6(b)). This diagram is an approximation of the
experimental diagram of uniaxial compression of macroscopic
samples of the alloy. The mechanical properties of the
automata that simulate the high-strength brittle inclusions
meet the real properties of TiC particles in the ceramic phase
(polycrystalline particles, Curve 2 in Fig. 6(b)). Two-
parameter Drucker—Prager fracture criterion in Eq. (17) is
used to describe the fractures of metallic binder and carbide
particles in the developed model [27,33,41]. Thus, in this
work, the strength characteristics of the composite material are
determined by the tensile (g,) and compressive (o.) strength of
its components.

The developed model was used for investigating the influ-
ence of the main features of internal structure on the basic
characteristics of mechanical behavior of the metal—ceramic
composite. For this purpose, a three-point bending test [42,43]
of the model samples of MCC was simulated. The structure of
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(a) Structural model
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0 1 1 2 1 1 1 1 1
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(b) Properties of components

Fig. 6. The model of metal—ceramic composite and the response functions of movable cellular automata of its components. Main components of the structure are
plastic nickel—chromium binder (1) and high-strength brittle titanium carbide inclusions (2).

the model set-up is shown in Fig. 7. Dynamic loading of
20 wm cylindrical mandrel at constant velocity Vio,q = 0.5 m/s
was applied to the sample of 24 x 130 pm in dimensions. The
value of the maximal resistance of the sample to bending and
the corresponding displacement of the mandrel, as well as the
dynamics and pattern of the sample fracture were analyzed.
It is well known that the strength of reinforcing particles
largely determines the integral characteristics of the compos-
ite. Cracking of particles, containing significant (large) inter-
nal defects and damages, leads to the nucleation of internal
cracks at lower applied loads and furthermore accelerates the
crack growth. As a consequence, such integrated mechanical
characteristics of the composite as strength and deformation
ability could substantially reduce. Therefore, the influence of
the strength of the TiC particles, which characterizes their
initial defect structure or density of damages, on the integral
mechanical response of the material was analyzed in the paper.
It should be noted that the compressive and tensile strengths of
brittle materials can differ by an order of magnitude
(0. >> o). The physical reason of this difference is that the
damages, which initially exist and emerge in the process of
loading, function in different ways under the action of
compressive and tensile stresses. In conditions of compression
(including uniaxial), the surfaces of a damage could occlude.
This leads to their relative resistance to compression and shear
(because of adhesion and dry friction of the damage surfaces).
A spatial diversity of the damage surfaces occurs under the
conditions of tension. Since the edges of damages are the
stress concentrators, the absence of plastic deformation pro-
vides the conditions for the fast growing of damages and

Fig. 7. Scheme of the simulated three-point bending test of the model com-
posite sample.

cracks. Thus, the key strength characteristic, which determines
the integral strength of TiC particles in the composite, is its
tensile strength (oy). In the paper, the value of g, varied from
700 MPa that corresponds to the tensile strength of the
metallic binder NiCr to 2000 MPa. The choice of this interval
is determined by the known fact that the tensile strength of real
samples with typical dimensions of 1 + 10 microns are
generally 15 + 50 times less than the theoretical strength of
material (44 + 88 GPa for TiC in the case of absence of large
damages). The value of g, for TiC particles in all calculations
was equal to 10,000 MPa.

Note that the so-called model of “narrow” particle-binder
interfaces [7] is used in the calculation presented below. In
this model, it is assumed that the width of the interphase
boundary is much smaller than the size of movable cellular
automaton. Moreover, the assumption of ideal adhesion of the
composite components (TiC inclusions and NiCr binder) was
used. This assumes that the strength characteristics of the
interface are equal to the corresponding values for the least
durable component of the composite material (in this case
Ni—Cr alloy). Use of this approach allows to study the influ-
ence of the strength characteristics of carbide inclusions on the
mechanical response of the composite in the raw.

Fig. 8 shows the dynamic loading of the simulated com-
posite samples with different values of tensile strength of TiC
inclusions. The diagram is plotted in terms of normalized
stress /aN" versus bending angle. Here the stress o is
defined as resistance force of composite applied on mandrel
divided by the area of the upper surface of the mandrel,
Jf“cr =700 MPa is the tensile strength of NiCr binder. It could
be seen from Fig. 8 that the strength and deformation char-
acteristics of the composite (Curves 3 and 4) are decreased at
tensile strength of TiC inclusions (¢]C) less than 1100 MPa.
In particular, the decrease in ¢['C to the value of tensile
strength of metallic binder leads to a twofold decrease in ul-
timate strain.

As could be seen from Fig. 8, the essential change in the
mechanical parameters of the composite occurs in a fairly
narrow strength interval of TiC inclusions and has a threshold
character. Analysis of the fracture dynamics of the model
samples shows that this is due to the active involvement of
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Fig. 8. The loading diagrams (normalized stress o/a" versus bending angle)

for the model samples of metal—ceramic composite with different strength
i€ of TiC inclusions under three-point bending test.

cracking mechanism of low strength (¢ < 1100 MPa) TiC
particles in the process of composite fracture. Fig. 9 shows the
main stages of fracture of the composites with different
strength values of TiC inclusions. It could be seen from Fig. 9
that, in the composites with high-strength inclusions, the
cracks are nucleated and propagated in the matrix by passing
the reinforcing particles along the interphase boundaries
(¢11€ = 2000 MPa, top row in Fig. 9). For the composites with
particles having a tensile strength approaching to the threshold
value, the cracks are generated and propagated in the binder,
but they “cut” them (atTiC = 1000 MPa, middle row in Fig. 9)
when they reach to TiC particles. Further decrease in the
particle strength leads to a change in fracture mechanism of
the composite. As could be seen from Fig. 9 (bottom row),
fracture begins at the bottom part of the sample (in the area of
maximum tensile stress) by means of nucleation of cracks in
ceramic particles. Then, with the increase in the applied strain,
these cracks consequently connect with the cracks passing
through the binder into a single main crack. This change in the
fracture mechanism is accompanied by the significant
decrease in integral deformation characteristics of the com-
posite. Thus, the strength of the reinforcing inclusions is one
of the most important factors determining a number of service
characteristics of metal—ceramic composites, such as strength,
critical deformation, fracture toughness, and others.

It should be noted that one of the key elements of the in-
ternal structure of the metal—ceramic composites is the
interface between the particles of refractory compounds and
the metallic binder. The change in the technological pecu-
liarities of metal—ceramic composite fabrication (in particular,
applying additional heat treatment of the composite) can vary
the geometry (width) of interphase boundaries and, conse-
quently, their mechanical properties [7]. Therefore, the influ-
ence of this factor on the mechanical characteristics of MCC
was investigated in the paper. The investigation was carried
out using a mesoscopic model of “wide” interphase boundary

(transition zone). In this model, it is assumed that the width of
the interface is comparable to or greater than the size of the
movable cellular automaton [7]. Here the particle-binder
interface is regarded as an area of variable composition of
chemical elements (Ti, Ni, Cr, C) and modeled by several
layers of cellular automata. In this area, the volume fractions
of TiC and NiCr vary with a distance from the particle surface
to the bulk of binder according to a given law. This leads to an
appropriate change in the physical and mechanical (including
response function and strength parameters o, and o) charac-
teristics of these “transition” automata. This model can be
efficiently used in numerical simulation of composites in the
case of the width of the transition zone higher than the size of
the cellular automaton.

The existing experimental data on the structure of particle-
binder interfaces show that these areas contain a significant
amount of secondary dispersed particles of titanium carbide
(with the size of 50 + 100 nm) [1,7,38]. The volume content of
this particles decreases with the increase in distance from
particle surface to the bulk of binder. In the paper, this factor is
considered using so-called multiscale approach. In the
framework of this approach, the elements of the internal
structure of the composite at the mesoscopic scale (binder,
primary particles TiC and wide interphase boundaries) are
taken into account explicitly. Taking into account structural
elements of lower scales (in particular, the presence of sec-
ondary titanium carbide nanoparticles in the interphase
boundaries) is carried out by considering the structural models
of lower scales (in this case the submicron scale) with explicit
prestoring concentrations, sizes and spatial distribution of
nanoscale elements. On the base of analysis of simulation
results of mechanical tests of submicron-sized samples their
integral mechanical (including rheological) properties are
determined. In the subsequent, they are used as input data for
cellular automata modeling composite response at the meso-
scopic scale. Thus, using of the multiscale approach allows to
obtain the dependence of mechanical properties of the inter-
phase boundaries on local concentration of the nanoparticles
of the carbide phase.

The influence of the width of interphase boundaries on the
integral mechanical characteristics of metal—ceramic com-
posite is investigated hereafter. Fig. 10 shows the loading di-
agrams of the composite samples with different width of
particle-binder interfaces. It could be seen from Figs. 10 and
11 that the increase in the width of the interphase bound-
aries leads to the increase in the strength of the composite, as
well as the increase in the value of the ultimate strain (critical
value of bending angle in the considered test). As follows from
the analysis of dependencies presented in Fig. 11, the main
effect of increasing the width of the interphase boundaries up
to 1.6 microns is manifested in the increase in the critical
strain of the material (up to 2 times).

Analysis of the results of computer simulation show that
the increase in strength and value of ultimate strain of the
composite material with the increase in width of the interphase
boundaries is due to the significant expansion of the region of
the stress reducing from the high value in the reinforcing
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Fig. 9. Dynamics of fracture in metal—ceramic composite samples characterized by different strength values of TiC inclusions o]'C. Here « is the

bending angle.

particles (which are the stress concentrators in the composite)
to the significantly lower value in the plastic binder. Von Mises
stress distributions for the samples which are characterized by
different widths of interphase boundaries are shown in Fig. 12.
It can be seen from Fig. 12 that the formation of wide

transition zones around the reinforcing particles, which are
characterized by a smooth change of the mechanical charac-
teristics with the distance from the surface of the ceramic
inclusion to the bulk of the binder, leads to “smearing” the
stress field and, consequently, to reducing the stress gradient at
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Fig. 10. Loading diagrams for the model samples of metal—ceramic composite
with different width of particle-binder interface.

the interface. This means that the formation of wide interphase
boundaries among reinforcing particles and metallic binder
interfaces in metal—ceramic composites provides a relatively
low level of stress in the transition zones. This leads to
increasing the deformation ability and strength of the modified
surface layers.

It is necessary to note that the results obtained herein by
simulation are in good agreement with the existing experi-
mental data. As pointed out in Ref. [40], the constraint
imposed on matrix plastic deformation by the ceramic re-
inforcements induces large tensile hydrostatic stresses in the
matrix. This enhances the load carried by the reinforcements
and hence the composite flow stress, and also triggers the early
development of internal damage in the form of particle frac-
ture, interface decohesion, and/or matrix void growth. New
experimental techniques, such as automated serial section and
X-ray computed microtomography (XCT), provide detailed
information on the relationship between the damage nucle-
ation or growth and specific features of the three-dimensional
microstructure [40,42]. The experiments with model materials,
presented in Ref. [40], show that the damage of the model
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Fig. 11. Dependencies of normalized strength of the model metal—ceramic
composite and its ultimate bending angle on width of interphase boundary.

composite material made of a soft matrix is mainly attributed
to decohesion along the particle/matrix interface, while for the
material with the same structure but with a harder matrix, the
damage mechanism changes to particle fracture. In Ref. [42],
for a notched glass fiber/epoxy cross-ply laminate subjected to
three-point bending, the onset and evolution of the damage in
three dimensions were studied by XCT. It was found that the
damage began by formation of intra-ply cracks in the 90° plies
followed by intra-ply cracking in the 0° plies.

Our simulation results also explain that such a perspective
way can improve the mechanical characteristics of metal-
—ceramic composites if the high-strength multiscale thermally
stable structures are formed in their surface layers under the
impact of concentrated streams of charged particles. For
example, the electron-beam irradiation on the surface layers of
metal—ceramic alloy containing 50 vol.% of TiC and 50 vol.%
of NiCr leads to a considerable increase in the mechanical and
operating characteristics of the material [44,45]. The experi-
mental results [44,45] showed that the increase in the oper-
ating characteristics of modified composite is due to a number
of factors. Among them are the significant increase in the
width of the interphase boundary between the matrix and
reinforcing particles and the formation of a significant amount
of secondary nanosized particles of TiC among these transition
zones. Furthermore, the superfast heating of surface layer
leads to the fragmentation and partial dissolution of most
damaged carbide inclusions, and to the healing of small de-
fects which are contained in the reinforcing TiC particles. The
direct consequence of this is a significant increase in the
strength (including tensile strength) of ceramic inclusions and
the integral operational properties of the material.

Fig. 13 shows the change of temporal durability at cutting
and the micro-hardness of MCC TiC—NiCr after pulsed
electron beam irradiation in nitrogen-containing gas discharge
plasma. It can be seen from Fig. 13 that the operating char-
acteristics of the composite can be considerably improved by
the electron-beam treatment of the surface layers of the
material.

4. Study of porous ceramics with gel

The next part of the paper is devoted to modeling the
porous ceramics filled with gel, which matrix stiffness and
strength are much higher than those of the inclusions.
Zr0O,(Y,03) based ceramics was used as a matrix [3,4]. There
are three maxima in pore size distribution bar chart for this
material: 1 pum; 2 pm (comparable with grain size); 6 pm
(cells). Gel-forming composition GALKA, developed for
enhancing oil recovery [46], was used as the filler of the
composite. In Ref. [47], gel filling was performed through
spontaneous soaking of ceramics samples by initial gel-
forming liquid composition during 24 h. Soaking occurs due
to capillary effect. Then, the soaked sample was baked to form
the gel at 80 °C for 1 h; the sample cooled in a kiln. Me-
chanical testing of the soaked ceramics showed that their
mechanical properties depends on the structure of the initial
ceramics powder. Corresponding experimental data are shown
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Fig. 12. Von Mises stress distributions in the central part of the model metal—ceramic composite samples with “narrow” (0.1 microns) and “wide” (1 micron)

interphase boundaries (the value of bending angle is 3.5°).

in Fig. 14. Thus, the effective elastic modulus and strength of
the ceramics obtained from nanocrystalline powders signifi-
cantly decreased after gel filling (Fig. 14(a)), while the prop-
erties of coarse-crystalline ceramics increased (Fig. 14(b))
[47]. Such strange effect may be explained by changing the
interface between the matrix and gel inclusions.

To ascertain the nature of changing mechanical properties
of ceramics after filling its pores with gel, here we model the
uniaxial compression of plane (plain strain) ceramics samples
with empty pores as well as with pores filled with gel. It is
assumed that fills only the 2 um and 6 pum sized pores are
filled with gel, which have equiaxial shape. The dimensions of
sample are 300 x 300 pm. Response function of the automata
modeling ceramics [3.,4] corresponds to elastic-brittle material
(like curve 2 in Fig. 6(b)), response function of the automata
modeling gel corresponds to elastic—plastic material with
bilinear hardening (like curve 1 in Fig. 6(b)). Large pores of
the ceramics are modeled explicitly in the MCA model, while
the 1 um and less sized pores are taken into account implicitly
(via the parameters of response function). The fracture crite-
rion of ceramics automata is based on the threshold value of
von Mises stress, but for pairs “gel-ceramics” a two-
parametric criterion of Drucker—Prager is used.

Total porosity of the modeled samples is 0.30 (this corre-
sponds to 3D porosity about 40%). Each maxima of pore size
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(a) Temporal durability of MCC bars at cutting

versus pulse duration for various values of the energy

density of electron beam

distribution have fraction of 50%, 25% and 25% of the total
porosity.

The size of cellular automata corresponds to the averaged
grain size, i.e. is equal to 2 um. Pore structure is built using
two procedures. First procedure assumes only cells of 6 pm
sized pores; the second one generates 2 um sized pores as well
as cells of pores. The pores are generated by removing the
randomly selected single automata (2 pm sized pores) and
their six closed neighbors (cells of pores) from initial closed
packing of automata. Thus, in the first procedure, the explicit
porosity is of 7.5% and the implicit one is of 22.5%; in the
second procedure, the corresponding values are 15% and 15%
(Fig. 15).

Analysis of the calculation data shows that the filling pores
with gel results in a slight increase in their elastic and strength
properties. Young's modulus, Poisson's ratio and strength for
the samples in Fig. 15(a) increases by 0.8%, 2.4% and 3.7%,
respectively; and for the samples in Fig. 15(b), they increase
by 1.5%, 4.3% and 1.3%, respectively. Thus, these changes are
smaller for strength and larger for elastic properties.

The fracture patterns of the simulated samples, as networks
of inter-automata bonds, are shown in Fig. 16. In all the cases,
the samples fails with the system of macrocracks propagating
along the lines inclined to the direction of loading. For the
samples generated using the first procedure (Fig. 16(a) and
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0 10 20 30 40 50 60 70
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(b) Micro-hardness of MCC surface layer versus

energy density of electron beam

Fig. 13. Increase in strength of MMC after electron-beam irradiation in nitrogen-containing gas-discharge plasma.
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Fig. 14. Experimental data on the impact of gel filling on mechanical properties of ceramics.

(b)), the cracks are linear and well expressed when the value of
explicit porosity is minimal (7.5%). This is because the
structure is closed to homogeneous body. For the samples with
explicit porosity equaling to 15% (Fig. 16(c) and (d)), the
cracks form a “blurred” picture and their path is curved and
complicated which can be explained by large number of stress
concentrators in the sample.

In all the considered cases, the filling of porous samples
with gel leads to the change of distribution of stress concen-
trators in the samples, in particular makes this distribution
more homogenous. Thus the generation and propagation of
cracks in the samples with filled pores differ significantly from
those of the same sample with empty pores. At that, the
fracture pattern of the sample with filled pores is closer to that
of homogeneous material [48,49].

In the modeling mentioned above, it was assumed that the
gel was fully filled in a pore and had perfectly contacted with

(a) First procedure

ceramics surface. It was not possible to describe the experi-
mental evidence in the framework of that model [47]. There-
fore another model, based on the assumption that the gel
changes the local elastic and strength properties of the inter-
face “gel-ceramics”, was developed at the next step.

The total porosity of the samples in this model was varied
from 0.15 to 0.27. Herewith the porosity C; corresponding to
1 um and less sized small pores was equal to 0.1 for all the
samples and taken into account implicitly. The size of large
pores was equal to 2 um or 6 pum; the pores were taken into
account explicitly, the corresponding porosity C, was varied
from 0.05 to 0.17. Sample dimension was 300 x 300 pm, and
automaton size was 2 um. Threshold value of von Mises stress
was used as a fracture criterion.

Three groups of samples with total porosity of 0.15, 0.21
and 0.27 are considered. The porosities C, corresponding to
large pores are equal to 0.05; 0.11; and 0.17, thereby forming

(b) Second procedure

Fig. 15. Initial structure of samples obtained with different procedures of pore generation.
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Fig. 16. Networks of inter-automata bonds in the samples generated using different procedures showing fracture patterns in the material.
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Fig. 17. Initial structures of the modeled samples with different pore size D and properties of the “pore-matrix” interface for explicit porosity C, = 0.11.

three subgroups. Each subgroup contains six samples with
individual spatial distribution of pores.

To model the different effect of a gel on the properties of
the interface “gel-ceramics”, we vary the elasticity (Ejqc,) and
strength (0j0ca)) parameters of the response function of the
corresponding automata. For pure ceramics, these parameters
are £y = 98 GPa and gy = 730 MPa. Due to gel effect, the
elastic properties was assumed to be improved twice:
Elocal = 05E0 = 49 GPa or Elocal = 2E() = 196 GPa, the
strength property ogjocqt = 0.609 = 438 MPa or
O1ocal = 1.40¢9 = 1022 MPa (i.e. to be improved by +40%).
Typical sample structures for this model are shown in Fig. 17.

Analysis of the calculated results shows that the change of
local elastic properties for the “pore-matrix” interface has the
most impact on the effective elastic modulus. Fig. 18 shows
the effective elastic modulus E.¢ of the ceramics samples with
modified elastic property of “pore-matrix” interface, which is
normalized to the modulus E.g o of the corresponding pure
ceramics samples versus fraction of pores with modified
properties. One can see that changing Ej.., twice leads to
change E.¢ by +10%/—7% for C, = 0.05, and by +35%/
—25% for C, = 0.17 for the samples with pore size D = 6 pm.
For the samples with smaller pore size (D = 2 pm), this effect
is stronger (due to larger value of specific surface of pores):
+25%/—23% for C; = 0.05 and +-85%/—48% for C, = 0.17.

The local strength properties of the interface automata are
changed to cause a variation of the effective strength of the
composite and its fracture pattern; it does not influence on the
effective elastic modulus. Fig. 19 shows the effective strength
limit oy of the ceramics samples with modified strength

property gjoca of “pore-matrix” interface, which is normalized
to the strength limit o ( of the corresponding pure ceramics
samples versus fraction of pores with modified properties.
Thus, changing g1oca by £40% leads to change g by +14%/
—229% for C, = 0.05, and by +19%/—37% for C, = 0.17 for
the samples with pore size D = 6 um (Fig. 19). For the samples
with smaller pore size (D = 2 pm), this effect is stronger:
+27%/—32% for C, = 0.05 and +40%/—41% for C, = 0.17.
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Fig. 18. Normalized effective elastic modulus of ceramics samples with
modified elastic property Ejo., of “pore-matrix” interface for different pore
size D versus fraction of pores with modified properties.
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Fig. 19. Normalized effective strength limit of ceramics samples with modified
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versus fraction of pores with modified properties.

Analysis of specific fracture energy of the model samples
(Ef;) shows that the increase in local strength property gjocal
leads to the corresponding increase in Ep, whereas the
increasing/decreasing of local elastic property Ej,., leads to
decreasing/increasing of Eg (Figs. 20 and 21). As described in
the foregoing, this change is stronger for smaller pore size.
Thus, the possible influence of gel soaking of ceramics on its
dissipative properties is ambiguous, because the fracture en-
ergy is defined by both elastic and strength properties of the
material. In particular, if the soaking causes the increase in
local elastic properties of pore surface, it may result in
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Fig. 20. Normalized specific fracture energy of ceramics samples with
modified elastic property Ejo.q of “pore-matrix” interface for different pore
size D versus fraction of pores with modified properties.
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decreasing the fracture energy, but the increase in the strength
properties always results in increasing the fracture energy.

5. Conclusions

Based on movable cellular automaton method, the models
for computer-aided studying mechanical behavior of com-
posites with special properties of inclusions and inclusion-
matrix interphase were developed.

The influences of strength of reinforcing ceramic particles
as well as the mechanical and geometric properties of inter-
phase boundaries on the peculiarities of mechanical response
of TiC- reinforced Ni—Cr metal—ceramic composite under
dynamic loading were studied using the proposed model. It
was shown that the strength of reinforcing particles and the
width of particle-binder interphase boundaries had a deter-
mining influence on the service characteristics of the metal-
—ceramic composite. In particular, the increase in strength of
carbide inclusions may lead to a significant increase in
strength and value of ultimate strain of the composite material.
And use of the technologies forming thick interphase bound-
aries among the carbide inclusions and the matrix during
production and processing of the composites allow to enhance
their service characteristics.

Based on the example of porous zirconia ceramics,
changing the elastic properties of the pore surface mainly
leads to the corresponding change in effective elastic modulus
of the ceramic samples. But changing the strength properties
of the pore surface leads to the change in effective strength
limit of the samples only. The less the pore size is, the more
this effect is. It is interesting that the fracture energy of the
ceramics with increased elastic properties of the pore surface
may reduce. This effect may explain the peculiarities of me-
chanical behavior of gel-filled zirconia ceramics.
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