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In this paper, microstructural e ects on the damageresistanceof compo-
site materials are studied numerically using methods of computational
mesomeabanics of materials and virtual experiments. Seweral methods
and programs for automatic generation of 3D microstructural models of
composites based on the geometrical description of microstructures as
well as on the voxel array data have beendeweloped and tested. 3D FE
(Finite Elemert) simulations of the deformation and damage ewolution
in particle reinforced compositesare carried out for di erent microstruc-
tures of the composites. Some recommendationsfor the improvemert
of the damage resistanceof lightweight metal matrix composites with
ceramic reinforcemerts are obtained.
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1. Intro duction

The optimal design of particle-reinforced materials on the basis of computa-
tional simulations of their behaviour has attracted growing interest of resear-
chers over the last two decades(Mishnaevsky and Schmauder, 2001). One of
the ways to determine the optimal microstructures is to usenumerical (micro-
and mesomebanical) simulations of deformation and failure processesn the
materials, and to carry out the "virtual testing" of di erent microstructures
of materials.

According to Mishnaevsky (1998), Mishnaevsky and Schmauder (2001),
Mishnaevsky et al. (2003a, 2004b), a possible scheme of the optimiza-
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tion/design of materials on the basisof numerical experiments should include
the following steps:

Problem de nition: de nition of necessarypropertiesto be improved on
the basis of the analysis of service conditions and the analysis of the
available meansof the microstructure cortrol; analysis of the e ects of
the material manufacturing and processingon the microstructures of
materials (examples:e ect of duration and temperature of sintering on
grain sizesand cortiguity of hard alloys; e ect of hot working on the
type of structures in high speedsteel)

Analysis of real microstructures of consideredmaterials (digitizing micro-
graphs from cuts of materials, image analysis of the material structure,
seart for regularities or periodicity in the microstructures) (Mishna-
evsky et al., 2003a;Wulf, 1995;Wulf et al., 1993)

Choice of the appropriate simulation approacd: unit cell approad (for
regular microstructures) or real structure simulation, cohesive models of
fracture, elemen elimination method, etc. (Mishnaevsky, 1998; Mishna-
evsky and Schmauder, 2001; Mishnaevsky et al., 2003a,2004b)

Experimental determination of medanical properties, damage meda-
nisms (debonding, particle failure, etc.) and failure conditions for con-
stituents of the material to be optimized (Mishnaevsky et al., 1999b,
2003b)

Developmert of numerical models of the material with real microstruc-
tures and veri cation of the model by comparing the calculated and
experimental results (Wulf, 1995; Wulf et al., 1993)

Virtual (computational) testing of ideal arti cial microstructures (Mi-
shnaevsky 2004, 2005; et al. Mishnaevsky et al., 1999a, 2004a); opti-
mization of microstructures; comparison and recommendationsfor the
improvemert of the microstructures of materials. By testing sometypical
idealized microstructures of a consideredmaterial in numerical experi-
merts, one determinesthe directions of the material optimization and
preferable microstructures of materials under given service conditions.
Sudh simulations should be carried out for the sameloading conditions
and material asthe real structure simulations, which proved to re ect
adequately the material behaviour

Realization of the recommended microstructures in cooperation with
industry, using powder metallurgy technology, etc.; veri cation of results.

The main subject of this work is the dewelopmert of numerical tools for the
computational mesomehanical testing of materials and carrying out numerical
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experiments, which should lead to the developmen of recommendationsfor
the improvemert of material structures.

2. Automatic generation of microstructural 3D models of
comp osite materials

The concept of the optimal designof materials on the basis of numerical te-
sting of microstructures can be realized if big seriesof numerical experimernts
for dierent materials and microstructures can be carried out quickly, in a
systematic way, automatically. This can be done if the labour costs of the
numerical experimerts, a signi cant part of which are the e orts of the gene-
ration of micromedanical models, are kept very low. To acieve this, a series
of programs was deweloped, which should automate the step of generation of
3D microstructural models of materials. After a 3D microstructural model of
a material with a complex microstructure is generated,the numerical testing
of the microstructure is carried out with the use of commercial nite elemen
software. In this Section, we presen seeral newly developed programsfor the
automatic generation of 3D microstructural models of heterogeneousmate-
rials.

2.1. Programm "Meso3D" for automatic geometry-based generation of
3D FE microstructural  models

To simplify and automate the generation of 3D FE microstructural mo-
dels of materials, the program "Meso3D" was deweloped (Mishnaevsky, 2004;
Mishnaevsky et al., 2004a).

The program de nes geometry, meshparametersand boundary conditions
of di erent multiparticle unit cell models of materials, and generatesa com-
mand le (session le) for the commercial FE Pre- and Post-Processingso-
ftware MSC/P ATRAN, which createsautomatically a multiparticle unit cell
model of a represenativ e volume of a composite material. During the model
generation cortrolled by the command le, the geometry of the cell is created
as a box containing a given amourt of round or ellipsoidal particles of dif-
ferent sizes.Both embedded and non-ermbedded unit cells can be produced.
Then, the designedmicrostructures (matrix and particles) are meshedwith
tetrahedral elemerts using the free meshing technique (Mishnaevsky, 2004).
After that, the meshis automatically improved, and nally the boundary con-
ditions and material properties are de ned. The model can be further changed
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or run at di erent commercialor non-commercialFE programs (as ABA QUS,
NASTRAN, etc.).

The geometry and parameters of the unit cell are de ned during a short
interactive session,in which the parametersare introducedinto the program
either directly or by multiple choice. The microstructures to be generatedare
de ned by the sizesof the consideredcell, shape, volume content and amourt
of inclusions, kind of the inclusion distribution (random, pre-de ned, clustered,
graded, etc.), probability distribution of the inclusion sizes,etc. The model is
de ned by the neness of the meshing,availability or non-availability and sizes
of embedding, boundary conditions (uniaxial tension or triaxial loading). Due
to the fact that the models are geometry-basel, only rather simple shapes of
the inclusions (round and ellipsoidal) can be taken into accourt in this model.

The radii, form and positions of the inclusions can be read from the input
text le (for the casesof pre-de ned or regular particle arrangemerns), or
generatedwith the use of a random number generator. In the secondcase,
there are options of the random, clustered, gradient arrangemens or dense
padcing of particles.

FE models of both arti cial and real microstructures can be generated
with this program. In the caseof real microstructures, either experimentally
determined coordinates and radii of inclusions are given in the input le, or
experimentally determined probability distributions of these values can be
usedto generatequasi-real microstructures.

For generation of dierent arti cial microstructures and particle arran-
gemerts as well as for statistical analysis of the generated microstructures,
seweral subroutines were used. In the caseof generation of random particles
arrangemern using a uniform random number generator, eat coordinate is
producedindependertly, with another random number seed.After the coordi-
natesof the rst particle are de ned, the coordinates of ead new particle are
determined both by using the random number generator and from the condi-
tion that the distance betweenthe new particle and all available particles is
no lessthan 0.1 of the given particle radius. If the condition is not met, the
seedof the random number generator is changed, and the coordinates of the
new particle are determined anew. In order to avoid the boundary e ects, the
distance betweena particle and the bordersof the box is setto be no lessthan
0.05 of the particle radius.

In order to generatelocalized particle arrangemers, like clustered, layered
and gradient particle arrangemerns, the coordinates of particle certers were
calculated as random values distributed by the Gausslaw. The mean values
of the corresponding normal distribution of the coordinates of particle certers
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were assumedto be the coordinates of a center of a cluster (for the cluste-
red structure), or the Y- or Z-coordinate of the border of the box (for the
gradient microstructures). The standard deviations of the distribution canbe
varied, which allows oneto generatedi erent particle arrangemers, from hi-
ghly clustered or highly gradient arrangemers (very small deviation) to fast
uniformly random particle arrangemerts (a deviation comparablewith the box
size).

Another procedureis usedto create multiparticle unit cells with a high
volume cortent of particles. In this case,a densepading algorithm is used.
First, the average distance between particle certers is determined from the
required volume content of particles and their amourt. Then, the unit cell
is lled by the particles "layer after layer". With this procedure,the volume
content of particles of about 40% can be achieved.

(337
(6.6.2)
(2.7.2)

Fig. 1. Schemaof the program "Meso3D" and examplesof 3D microstrucural models
of represenativ e volumesof materials generatedwith the model (Mishnaevsky, 2004)

2.2. Program "V oxel2FEM" for the voxel array based generation of 3D
microstructural  models

The geometry-basedapproad to the description of inclusion shapes, reali-
zedin the program "Meso3D", works well only for relatively simple geometrical
forms of microstructural elemerts in a composite (like round or ellipsoidal in-
clusions). This can be consideredas a generaldrawbad of many methods of
3D modelling of microstructures: both shapes of inclusions and their spatial
distribution are often oversimpli ed.

To automate the generation and meshing of 3D FE Models of materials
with complexmicrostructures, the program "V oxel2FEM", which allows oneto
avoid this drawbadk, wasdeveloped (Mishnaevsky, 2005). The program produ-
cesinteractively a command le, which generates3D FE microstructural mo-
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dels of represenativ e volumesof a material. In the framework of the program,
the information about the spatial distribution of phasesin the represenativ e
volume is presened as a voxel array. The material volume is preserted as an
N N N array of points (voxels), ea of them either black (0) or white (1)
(for a two-phasematerial). A generalization of this approad for a multiphase
material can be simply done. The voxel array data can be either read from
an input le (real microstructure case)or generatedin the program by using
the random number generator. The program can generate also voxel arrays
for dierent arrangemens of round particles in a matrix (multiparticle unit
cell). On the basis of voxel arrays, the program "V oxel2FEM" generates3D
microstructural models of the represenativ e material volume. Figure 2 shows
examplesof the generatedmodels (Mishnaevsky, 2005).

Fig. 2. 3D FE microstructural models generatedwith the use of the program
"V oxel2FEM": a porous material, multiparticle unit cell model of a composite, a cell
with the inclined b er

2.3. Routine for damage simulation

In this Section, a newly developed ABA QUS subroutine for the damage
modeling in Al/SIC compositesis preseried. The micromedanismsof damage
ewlution in most Al/SIC compositesunder medanical loading can be descri-
bed as follows: rst, someparticles becomedamagedand fail (in the caseof
relatively large particles) or debond from the matrix (for smaller particles);
after that cavities and voids nucleate in the matrix (initially , near the broken
particle), grow and coalesceand that leadsto the failure of the matrix liga-
ments betweenparticles and nally to formation of a macrocrad in the volume
Mummery and Derby (1993), Derrien et al. (1999). According to Mummery
and Derby (1993), the interface debonding becomesone of the main damage
medanismsin the caseof relatively small particles ( < 10 m), but doesnot
play the leading role in the caseof bigger particles.
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Wulf (1995) studied experimertally and numerically the damage growth
and fracture in real microstructures of Al/SIC composites. According to Wulf
(1995), nite-element simulations with the damage parameter based on the
model of spherical void growth in a plastic material in a generalremote stress
eld with high stresstriaxialit y, developed by Rice and Tracey (1969)produced
excellert results for Al/SIC composites:both cradk paths in a real microstruc-
ture of a material and force-displacemen curveswere practically identical in
experimens and simulations. The damage parameter, consideredby Wulf, is
determined by integrating the incremertal damageindicator, which is de ned
as an increment of the plastic strain divided by the referencefailure strain
(which is determined as a value inversely proportional to the void growth ve-
locity) (Mishnaevsky et al., 1999a; Wulf et al., 1993). In our simulations, the
Rice-Tracey damageindicator was usedas a parameter of the void growth in
the Al matrix.

To model the damageand local failure of SiC particle, the criterion of cri-
tical maximum principal stressin the particle material wasused.According to
Derrien et al. (1999), the SiC particles in Al/SiC compositesbecomedamaged
and ultimately fail when the critical maximum principal stressin a particle
exceeds1500MPa. This value was used in our simulations as a criterion of
damageof SiC particles as well.

An the ABA QUS Subroutine USDFLD, which calculatesthe Rice-Tracey
damageindicator in the matrix and the maximum principal stressin particles,
and allows one to visualize the damage (microcradk and void) distribution in
the material was deweloped. The damagewas modeled as a local weakening
of nite elemens in which the damage criterion exceededthe critical value
(Mishnaevsky et al., 2003a). After an elemen failed, the Young modulus of
this elemen was setto a very low value (50Pa, i.e., about 0.00001%of the
initial value).

2.4. Comparison of the geometry-based and the voxel array based me-
tho ds of generation of 3D FE models

The program "V oxel2FEM" and the voxel array based method of recon-
struction of 3D microstructures were tested by carrying out FE simulation
of deformation and damage in composite unit cells with an identical ideal
3D microstructure, generatedwith the use of the programs "Meso3D" and
"V oxel2FEM" and comparing the results of simulations.

The multiparticle unit cells (10 10 10mm) with 5 round particles was
consideredin both cases.The consideredmaterial was Al matrix reinforced by
SiC patrticles (volume corntent 5%).
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The SiC particles behaved as elastic isotropic damageablesolids, characte-
rized by Young's modulus Ep = 485GPa, Poisson'sratio 0.165and the local
damagecriterion, discussedbelon. The Al matrix was modeledasan isotropic
elasto-plastic solid, with Young's modulus Ey = 73GPa, and Poisson'sratio
0.345.The experimental stress-straincurve for the Al matrix was taken from
Mishnaevsky (2004), Mishnaevsky et al. (2004a). When approximating the
experimental stress-straincurve by the deformation theory, tihe ow relation
(Ludwik hardeninglaw) is y = yn + h"[, where y denotesthe actual ow
stress, yn { initial yield stress,and ", { accunulated equivalert plastic stra-
in, h and n { hardening coe cien t and hardening exponert. The parameters
of the curve are asfollows: , = 205MPa, h = 457MPa, n = 0:20.

As output parameters of the numerical testing of microstructures, the ef-
fective responseof materials and the amount of failed particles Ng versusthe
far- eld strain curveswere considered.

Totally, the geometry-basedmodel contained about 30000 elemerns, and
the voxel basedmodel 8000brick elemens. Each particle cortained about 400
nite elemens in the geometry-basedmodel, and 80 elemerts in the voxel-
basedmodel.

The nodesat the upper surfaceof the box were connected,and the displa-
cemen was applied to one node only. The model was subject to the uniaxial
tensile displacemen loading, 2.0mm. The uniaxial tensile response of eah
microstructure was computed by the nite elemert method. The simulations
were done with the ABA QUS/Standard.

Figure 3b shows the consideredcells as well asthe stress-straincurvesand
the fraction of failed elemens versusapplied strain curves obtained numeri-
cally. One can seethat the obtained results are very close:the stress-strain
curvesdi er only by 4%. The functions of the fraction of failed particles versus
the applied strain, obtained in the simulations, are very closeas well.

3. Numerical experiments: eect of microstruxcuture  of
comp osites on damage resistance

3.1. Eect of particle arrangemen t of damage resistance

In this part of the work, the e ect of particles arrangemen on the de-
formation and damageewlution in the composite were considered,using the
program "Meso3D". The medanical behaviour and damageewlution in the
materials with di erent (arti cially designed)microstructures were simulated,
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Fig. 3. 3D unit cells (a) and comparisonof simulations in the framework of
geometry-basedand voxel array basedapproadces(b) (Mishnaevsky, 2005)

and the amount of failed particles and tensile stress-strain curves for eadh
microstructures determined.

Figure 1 givesexamplesof random, regular, clustered, and highly gradiert
arrangemerts of particles, consideredin the simulations. Two typesof gradient
particle arrangemens were considered:an arrangemert of a particle with the
vector of gradient (from low to high particle concerration region) coinciding
with the loading direction (called in the following the "gradient Y" micro-
structure), and a microstructure with the gradient vector perpendicular to the
loading vector (called in the following the "gradient Z" microstructure). The
standard deviations of the normal distribution of the Y or Z coordinates of
particle certers (for the Y and Z gradient microstructures, respectively) were
taken 2mm, what ensuredrather high degreeof gradient. The samestandard
deviations were taken for the clustered particle arrangemers.

Figure 4 showstensile stress-straincurvesand the amourt of failed particles
in the box plotted versusthe far- eld strain for random, regular, clustered
and gradient microstructures (for 15 particles, VC = 10%). Figure 5 gives
distributions of equivalert plastic strains on the particle/matrix interfacesand
in a vertical sectionin the microstructures with random particle arrangemeris
(15 particles, VC = 10%).

It can be seenin Fig. 4 that the particle arrangemen hardly in uences
the e ectiv e response of the material in the elastic area or at small plastic
deformation. The in uence of the type of particle arrangemen on the e ective
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Fig. 4. Tensile stress-strain curvesand the amournt of failed particles in the box
plotted versusthe far- eld applied strain for random, regular, clustered and gradient
microstructures (for 15 particles, VC = 10%)

response of the material becomessigni cant only at the load at which the
particles begin to fail. Howewer, after the particle failure begins,the e ect of
particle arrangemert increaseswith the increasingload.

After the rst particle fails, the ow stressof the composite increaseswith
varying arrangemen particle in the following order: gradient < random <
clustered < regular microstructure. One can seein Fig. 4 that the rate of
damagegrowth increasesin the following order: gradient < random < regular
< clustered.
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Fig. 5. Distributions of equivalent plastic strains on particle/matrix interfacesand in
a vertical sectionin microstructures with random particle arrangemerts
(15 particles, VC = 10%)

The strength and damage resistanceof a composite with a gradient mi-
crostructure strongly dependson the orientation of the gradient in relation to
the direction of loading. In the caseof a microstructure with the vertical gra-
dient (along the loading vector), the rate of particle failure is very low (about
6.35 particle/mm) and the particle failure beginsat a relatively high displa-
cemen loading, 0.2mm. In the caseof a microstructure with the horizontal
gradient (normal to the loading vector), the rate of particle failure is the same
as for random microstructures.

3.2. Damage evolution in graded comp osites and the eect of the degree
of gradien t

In the previous Section, it was shawvn that graded microstructures of com-
posites ensure the highest damage resistance among all the considered mi-
crostructures. In this Section, we analysethe e ect of the degreeof particle
localization in graded composites on their damageresistance.Here, we use a
2D version of the program "Meso3D" and 2D FE analysis.

As discussedabove, the gradient degreeof particle arrangemen is deter-
mined by the standard deviation of the normal probability distribution of
distancesbetweenthe Y -coordinates of particle certers and of the upper bo-
undary of the cell. Since the X -coordinates of particles are generatedfrom
a pre-de ned random number seed parameter (idum) (which should ensure
reproducibilit y of simulations), variations of this parameter lead to the gene-
ration of new realizations of microstructures with the same gradient. Many
graded microstructures with di erent standard deviations of the distributions
of Y -coordinates (which ensureddi erent gradient degrees)and with di erent
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Fig. 6. Sthema of designof arti cial gradient microstructures and someexamplesof
generatedmicrostructures with di erent degreesof gradient

random number seedparametersfor random X coordinates were generated,
meshedand tested. Figure 7 shows sometypical tensile stress-strain curves
and the fraction of failed elemerts in the particles plotted versusthe far- eld

applied strain for graded particle arrangemerts with di erent degreesof gra-
dient.
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Fig. 7. Tensile stress-straincurves(a) and the fraction of failed elemens in the
particles plotted versusthe far- eld strain (b) for graded particle arrangemerts with
di erent degreesof gradient

Figure 8a shows the failure strain (critical applied strain) plotted versus
the degreeof gradiert in the composites. Figure 8b shows the ow stress of
the composite (at the far- eld strain u = 0:15) as a function of the gradient
degree.

It is of our interest that the o w stressand sti ness of compositesdecrease
with the increasingdegreeof gradient. Apparently, the more homogeneouss
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Fig. 8. Failure strain of the composite (at the far- eld strain u = 0:15) plotted
versusthe degreeof gradient in the composites

the distribution of hard inclusionsin the matrix, the sti er is the composite.
If the particles are localized in one layer in the composite, the regions with
low particle density determine the deformation of the material, and that leads
to a low sti ness.

One can seein Fig. 7b that all microstructures have rather low damage
growth rate at the initial stage of damageewlution. At somefar- eld strain
(called here "failure strain), the intensive (almost vertical) damage growth
takesplace and the falling branch of the stress-straincurve begins.For all the
graded microstructures, the failure strain is higher than for the homogeneous
microstructures. The failure strain of compositesincreaseswith the increasing
gradient degree.

Figure 9 shows von Mises stressdistribution in a highly gradient (grad3)
microstructure. One can seethat the stressesare lower in the low part of the
microstructure (particle-free region) than in the particle-rich regions. If two
particles are placedvery closelyoneto another, the stresslevel in the particles
is much higher than in other particles, especially if theseparticles are arranged
along the gradient (vertical) vector. Then, the stresslevel is rather high in
particles which are located in the transition region betweenthe high particle
density and particle-free regions. One could expect that these particles begin
to fail at later stagesof loading, and that was obsenedin damagesimulations
indeed.

Figure 9b shows damage distribution in the particles and in the matrix
(grad3 microstructure, far- eld strain 0.29). The fact that the particles begin
to fail not in the region of high particle density but rather in the transition
region betweenthe particle-rich and particle-free regionsis similar to our obse-
rvations for the caseof the clustered particle arrangemen, wherethe damage
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(b)

Fig. 9. Von Mises stressdistribution in a highly gradient (grad3) microstructure (a)
and damagedistribution in the particles and in the matrix (grad3 microstructure,
far- eld strain 0.29)

beginsin particles which are placedat the outer boundariesof clusters (Mish-
naevsky et al., 2004a). One can seein Fig. 9b that the damagein the matrix
begins near the damaged particles or between particles which are arranged
closelyin the direction of the gradient vector.

3.3. Eect of sharpness of the transition region in graded comp osites

In this Section, we analysethe e ect of sharpnessof the transition region
betweenphasesin graded compositeson strength and sti ness of composites.
To do it, we usethe program "V oxel2FEM", described in Section 2.2, which
allows us to vary the sharpnessof the transition region.

The 3D unit cell models of graded composites with varied sharp-
ness/smamthness of the transition region between phaseswere generated as
follows. The unit cellswere consideredas consisting of voxels (points) of white
(matrix) and black (particles) phases.The distribution of black voxels was
de ned asrandom distributions in the X and Z directions and a graded di-
stribution in the Y direction. The graded distribution of black voxels (e.g.,
grains of hard phase)along the axis Y follows the formula

Ve

ve(y) = 3.1

l+expg 2

Here vc(y) is the probability that a voxel is black at a given point, vcy is the
volume content of the black phase, L denotesthe length of the cell, g is a
parameter of the gradient, y is the Y -coordinate. Equation (3.1) allows oneto
vary the smoothnessof the gradient interface of the structures (highly localized
arrangemerns of inclusions and a sharp interface versusa smooth interface),
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keepingthe volume content of the inclusionsconstart. If g < 3, the transition
betweenthe regionsof high content of black or white phasesis rather smooth,
and if g > 10, the transition betweenthe regionsis rather sharp. Figure 10
gives shapes of this curve for dierent g. Figure 11 gives examplesof suc
microstructures.
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Fig. 10. Shapesof the curve which describestransition betweenthe regionsof high
cortent of di erent phasesfor di erent parameters g (g = 5, 10, 100, vc = 50%)
(Mishnaevsky, 2005); y denotes Y -coordinate, L is the linear size of the cell

Fig. 11. Examples of the consideredgraded microstructures of the material: g = 3,
g=6,g= 100

Figure 12 shows stress-strain curves of compositeswith a volume cortent
of the hard phase 10% and 20%, and with a varied gradient parameter g,
Eqg. (3.1). Observing the curves,one can seethat the critical strain, at which
damagegrowth begins,doesnot depend on the parameter of the volume frac-
tion gradient g. Whether the transition betweenthe region of high content of
the hard phaseto the region of low corntent is sharp or smooth, the critical
applied strain remains constart. However, the sti ness of the composite and
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the peak stressof the stress-straincurve increasewith increasingsharpnessof
the transition betweenthe regions. A reduction of the value g from 20to 1
can lead to a decreasen the peak stressby 6%.

Fig. 12. Typical tensile stress-strain curvesfor di erent sharpnessof transition zones
of graded composites:(a) VC = 10%, (b) VC = 20% (Mishnaevsky, 2005)

Figure 13 shows the peak stressof the stress-strain curve plotted versus
the parameter g of the transition of sharpnesshetweenthe regionsof high and
low content of the hard phase.

Comparing this conclusionwith the results from Sections3.1 and 3.2, one
may summarizethat Al/SIC graded composites with a high gradient degree
and smooth transition betweenthe regionwith a high cortent of the SiC phase
and the reinforcemeri-free region can ensureboth highest damageresistance
and a relatively high sti ness.

Fig. 13. Peak stressesof the stress-strain curve plotted versussharpnessof the
transition zonefor graded compositeswith di erent volume content of the hard
phase(10% and 20%) (Mishnaevsky, 2005)
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3.4. Mesomec hanical simulation of wear of diamond grinding wheels

In this Section, the methods of computational mesomebanics were used
to analysemedanical wear of diamond grinding wheelsin grinding. We consi-
der here straight grinding wheelswith synthetic diamonds and bronze copper
bond (which are usedfor grinding ceramics,for instance). 3D FE models of
cutouts of the work surface of a grinding wheel have been generated auto-
matically using the program "Meso3D" (Section 2.1). On the contact surface
10 10mm, 15 diamond grains were randomly placed. The radius of grains
was 1.16mm (therefore, 63% of the contact surfacewastaken by the diamond
grains).

The material properties were as follows: diamond: Young's modulus
E = 900GPa, Poisson'sratio = 0:2, compressie yield strength 5MPa;
bond: E = 93GPa, tensile yield stress125MPa, yield strain 0.2%, ultima-
te tensile strength 255MPa (Bauccio, 1994). The failure stress of the dia-
mond grains was assumedto be 20GPa (Mishnaevsky, 1982). The grain tips
have been loaded by an inclined force, 70N/grain. The force was oriented
at 60 angleto the horizontal line. The temperature e ect was neglectedin
the rst approximation, following the results by Mishnaevsky (1982), which
demonstrated that the local heating up to 200-300C (i.e., local tempera-
tures obsened on grain surfacesat relatively low cutting speeds)does not
changethe medanismsand critical parametersof grain destruction. The da-
mage in the diamond grains was modeled using the subroutine User De -
ned Field, presenied in Section 3.1, and the element weakening approad.
The critical maximum stresswas taken as the criterion of the nite elemen
failure.

Figure 14 shaws the von Mises strain distribution in the diamond grains
and in the metal bond in grinding (a) and the fraction of failed elemeris in
the grains plotted versusthe applied force (b).

One can seein Figure 14 that high strains are localized near the pe-
aks of the diamond grains. This corresponds to experimental obsenations
in Mishnaevsky (1982): damage in diamond grains in grinding is obsened
in a small region near the grain peak. It can be seenin Figure 14b that
the damage growth starts at the force 24N and becomesvery intensive at
about 45N.

The results presened in this section demonstrate the applicability of the
computational mesomehanics approac and the numerical tools dewveloped
above to analysis of wear of diamond grinding wheels.
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Fig. 14. Von Mises strain distribution in diamond grains and in the metal bond of a
grinding wheel (a) and the fraction of failed elemers in the diamond grains plotted
versusthe applied force (b)

4. Conclusions

Numerical investigations of the e ect of a microstructure, arrangemer and
volume content of hard damageableinclusions in a plastic matrix on the de-
formation and damagegrowth are preseried in the paper. It was shown that
the ow stressof a composite increaseswith the particle arrangemen varying
in the following order: highly gradient < random < clustered< regular micro-
structure. The rate of damagegrowth increasesn the following order: gradient
< random < regular < clustered. The ow stressand sti ness of composites
decreasewith the increasinggradient degree,whereasthe failure strain incre-
aseswith the increasing gradient degree of the particle arrangemern. More
localized and highly gradiert microstructures have lower sti nesses and hi-
gher failure strains than homogeneousnicrostructures. It was showvn that the
sti ness of a composite and the peak stressof the stress-strain curve increase
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with increasingsmoothnessof the transition betweenthe region of a high vo-
lume content of the hard phaseto the region of a low cortent of the hard
phase.
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Wpayw mikrostruktury na zniszczenie komp ozytu { analiza numeryczna

Streszczenie

W artykule przedstawiono analiz; wp2ywu mikrostruktury materia®w kompozy-
towych naich odpornoz¢na zniszczenie przeprowadzajjc badania symulacyjne oparte
na modelac obliczeniovych stosovanych w mezo-metanice oraz na eksperymenach
numerycznych. Opisano zaproponowanei przetestovane programy do automatyczne-
gogeneravania trd jwymiarowych modeli mikkrostruktur kompozytowych bazujjce na
opisiegeometryczrym z zastosavaniemtechniki wokseli (3-wymiarowych odpowiedni-
kow pikseli). Przeprowadzonosymulacje deformacji i ewolucji zniszczeniaelemeriow
sko«czorych reprezenujjcyc h kompozyty z wtriceniami punktowymi o ro»nejmikro-
strukturze. Sformu2owano pewne wytyczne dla poprawy odpornozci na zniszczenia
lekkich kompozytéw zbudowanych z metalicznegolepiszczawzmacnianegoceramik;.
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