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Abstract: To investigate the relationship between micro defects in ceramic materialsaramechanical properties and
behaviours,a computational model of SiC ceramics with randomly oriented elliptical pwessestablished using the
discrete element method (DEM). The effects of pore defect conterntsaaspect ratio on the failure mode, stress-strain
curve and mechanical properties of specimen were investigated undgialun@mpression. The effective Young's
modulus which was obtained froBEM simulations was compared with the predictions of Mori-Tanaka scliBh&)

and Self-Consistent scheme (SCS) at various pore defect densitiegsiihe showed that the compressive strength and
crack initiation stress decrease nonlinearly as the pore defect contergaadfasthermore, the smaller the aspect ratio of
the elliptical pore defects was, the more obvioesatbakening trend was. As the pore defect content increases, the failure
mode of the specimen changed from brittle fracture to tensile-shigarg and then to axial splitting.HE stress-strain
curves showd a certain“softening periodduring the loading process. The effective Young's modulus obtdinadthe
DEM simulationscoincides with the approximations of MTS and SCS at low pore denditmsever, when the pore
defect density became larger, tlEM simulation results were slightly lower than the theoretical resultshef

Mori-Tanaka scheme, which only considers the weak interaction betiedecs.

Keywords: Pore defegtUniaxial compressigrivMechanical propertie®iscrete element method

1 Introduction

During the preparation process of ceramic materials, various randontscafedntroduced inevitabinto the finished

products due to unfavorable factors from materials and processhsasexcessive impurity content, uneven particle size

distribution] unsatisfactoly powder compaction and disappeared sint@inggraong those defects, the micropore defect

is a typical and common type, as shown in Fig. 1 [1]. As a &inbard and brittle material, ceramics are extremely
sensitive to defects. he micropore defects with random orientation and distribution wouldchfthe mechanical

properties of the material and result in the dispersion of strengthtisatchn unpredictable fracture failure could happen
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eadly under the external Iozi@] 3]{ Therefore, it is important to reveal the relationship between macrosedpre fand

damage evolution which both are caused by internal microdefects.

Damage mechanics of brittle materialsvédeen well developed in thegrguch as Self-Consistent scheEI [4]

generalized Self-Consistent sch Bifferential schem@] and Mori-Tanaka schefvg]| Althoughthose methods

can approximatly calculate the effective modulus of specimen considering the interdmitoreen defectghere is no

agreemento decide which method is better unless the statistics of mutual positiatesents are specified. In addition,

based on the manufacturing method of material defects, the effece-ekigting artifici% defects on the mechanical
properties of specimehas also received extensive attention. Htovprepare the specimen with controllable and
quantifiable defects is usually crucial in experiment. In general, sulltgfeets of brittle materials can be obtained easily

by indentatior@] and laser proces [1], while the preparationterihal defects is relatively difficult to obtain. For

instance though the method of artificially prembedded carbon fiber can be usednternal defect preparatipn [10], the

randomness problewf defect distribution yet cannot be solved accurately. Besides, X-ray cortgmatggraphy [11] and

acoustic emission technolopgy [12] can determine the location, size chatimstesf defects and observe the cracking

phenomenoh. But it is difficult to record the micro-crack initiatiompagation and coalescence process between internal

defects in real time. Meanwhile, it is easyignore the defect features becaa$ehe small size of defects in ceramic
materials (micron level).

Numerical simulations provide a powerful compleminthe experimer researches of micro cracking and damage

around defects. The common numerical simulation techniques includénitee element method (FEM) [1B], the

numerical manifold method (NMM) [14], the discontinuous deformatioryaisa(DDA)|[15]f the boundary element

method (BEM) [16] and realistic failure process analyRBRA)|[17]{ Although the fracture criterion and application of

these methods are distinct, the research of crack initiation and propagatioredmasldveloped to some extent.
Neverthelessthe detailsof crack propagation ancbalescence between the defectsnot be presented clearly and the
influence of micro-defects on the mechanical properties of materials onnhdcabthe randomness among the shape,
position, size and orientation of the internal defects are not well clarified ire bmittterials. Therefore, it is necessary to
find a suitable and reliable numerical simulation method to solve the above psoblesar previous work, the authors

havestudied the effects of randomly oriented crack defects on failodesnand mechanical properties of SiC ceramics

usng DEM simulations [19'. However, in addition to the study of prekrdefectsit is equally important to study the
influence of pore defects on the fracture and mechanical propertiesaofice

In this paper, a discrete element model of SiC ceramics is establishedlinated. Then, randomly oriented elliptical
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pore defects are introducétto the model by delatig particles. The effect of pore defect content and pore aspect ratio on
the failure mode and mechanical properties of specimgwestigated under uniaxial compression. Finally, the effective
Young's modulus obtained from the DEM simulations is compared vatth#oretical curves of the Mori-Tanaka scheme

and the Self-Consistent scheatalifferent pore defect densities.

2 Methodology

2.1 Discrete element method

In order to the study of the rock mechanics, the discrete element medkqutaposed by Cundgll [30] in the 1970s. In

DEM, the interaction between the contacting particles is a dynamic procestheAmotion of the particles is governed by
Newton's second law iany time step. The motion is divided into the translation and rotatioe.corresponding equations

of motion areasfollow:
AV,
Translationf — S, =m Atl (1

Aw
Rotation:M,; — S w, =1 Ttl (2

where i (= 1, 2, Bdenotes the three components in x-, y-, z- directiens fhe outef-balance force component of the
particle; v is the translational velocity; m is the mass of the particlés Me outef-balance moment due to the contacts;
w; is the rotational velocity; | is the rotational inertia of the partigleis the global damping coefficient; At is the time

step.

In DEM, particles can be discrete free boflies [#2]bonded together at contact to form an assembly with arbitrary

shapes, which can simulate bulk materials. The latter is called the BPMethpadicle mode]) [23]. In the model, the

particles are connected by parallel bonds, which can transfer the forces amhtmmetween contacting particles, as
shown in Figure 2. And the corresponding contact forcandl the moment dare as follows:
F.=F +F+F ,
M,=M

3

where FEis the linear force; Hs the dashpot forceF is the parallel bond forcejs is the parallel bond moment.

The interaction force between the contacting particles includes a linear fee & damping force®FThe linear force

is resolved into normal and shear components:



F, =min((F,), + kAd,,0),
" (F),—kAS, no-slip (s
> |-uF!, slip
where (R, and (K, are the linear normal and shear force at the beginning of thetémeespectively; AS, andps are
the relative normal and shear displacement increment at the contact during stefimeespectivelyy is the friction
coefficient; k and k are the normal and shear stiffness values of particles, whicteczaldulated by knowing the particle
effective modulug” and the particle normab-shear stiffness ratio .
The parallel bond force is resolved into a normal and shear compofiedtthe parallel bond moment is resolved into

a twisting and bending moment:

F=—Fan+ Fs (Fn>0 istension
M=Mn_+M, (2DmodelM = 0

(5)

When a parallel bond is created, the parallel bond force and moment are Eardedubsequent relative displacement
and rotation increment at the contact results in an increment in the elastic fornerardt, which is added to the current

values. In 2D modelhe updated force and moment occurring ovéne step of At are calculated as follows:

l_fn = I_fn + E; AAé‘n
parallel bond force:y—. - —
Fs = Fs— IgAAé‘S

(6)

parallel bond momenMp =M kK AG) (D

where le and E are the bond normal and shear stiffness, which can calculat&lgny E*;A5n and As,are the relative

normal and shear displacement increment respectively; Ais the bosdsertional area] is the moment of inertia of the

parallel bond cross-sectioms g, is the relative twist-rotation increment.

The maximum normal and shear stresses at the parallel bond periphery @detezh(wia beam theory) as follows:

s R MR
o= + —

ﬂA NC)
- |IFs

A

If the maximum tensile stress exceeds the normal strem&m) or the maximum shear stress exceeds the shear

strength Eszond,rbond :E_atangj ), the parallel bond breaks. The relevant force, moment, and ssiffme then removed.

When the parallel bonds break continually along a certain direction, midtecfaamed between two particles will
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propagate along that direction accordir{gly 19].

At present, the BPM, which can present visually the initiation andagadjon of microcracks in block materials, has

been implemented in the reseastof fracture, failure and machining process of hard and britdéemals such as

geomaterials [23], concrégte [26] and cera{nics 28}

2.2 Modeling and calibration

In this paper, a BM (bonded-particle modelwith non-uniform-sizedard densely packed particles was generated by
PFC2D 5.0 software. Then, in order to make the established DEM medtsit the main mechanical properties of the
actual SiC ceramics, it was necessary to specify the relevant propertihe phrticles and conta@t the model.
However, microscopic parameters at particle level (such as particle stiffness, parallstreogth) could not be obtained
directly through experimental measurements and there is notrifiteey to directly relate the macro-scale material
properties to their micro-scale counterparts. Therefore, numerical simulaisnndEM are an appropriate approach to
establish and calibrate the correlation between the mechanical properties of tied aratehe microscopic parameters of
the particles and parallel bonds.

In the numerical tests, a uniaxial compression test (dimension of thed m@&mm x 4 mm)a three-point bending test
(dimension of he model is 3.6 mm x 0.78m, spanis 3 mm) and a single edge notched beam test (dimension of the
model is 3.6 mm x 0.7Bhm, spanis 3 mm, and incision height is 0.375 mm) were carried out, @srsim Fig. 3. Trial
and error method was used to adjust the parameters in the. Wtaei the results of DEM simulation test were close to
the mechanical properties of the actual SiC ceramics, as shown in Taiblevds considered that the microscopic
parameters setting in the DEM model were reasonable. The microscopic paameliscrete element model of SiC

ceramic are listed in Table 2.

Table 1 Main mechanical properties of SiC ceramics from experiments and in D&hksons

M echanical properties Experimental resulti;[28]| DEM simulation
Elastic modulus (GPa) 420 419
Poisson's ratio 0.14 0.14
Compressive strength (MPa) 2000 1974
Bending strength (MPa) 500-800 639
Fracture toughness (MPaY# 35 37

Table 2 The microscopic parameters in DEM modéBiC ceramic

Variable name(unit) Symbol Value

Minimum radius of particles(m) [23,27] I min 4.5e-6




Maximum-+o-minimum radius ratio of particles n 15
Density of particles(kg/f) p 2600
Effective modulus of particles (Pa) E* 211e9
Normalto-shear stiffness ratio of particles K 1.21
Bond effective modulus(Pa) E 211e9

Bond normatto-shear stiffness ratio x 1.21
Bond tensile strength(Pa) e 7.88

Bond shear strength(Pa) 7o 50e8

Friction coefficient U 0.7

Bond gp g 2e7

Initial porosity of model [289] Po 0.16

3 DEM model of SiC ceramics containing random por e defects
3.1 Pore defect content

There are many microscale pore defects with various shapes in cenateidals. In this paper, elliptical pores were
considered in view of its common and representativeness. In the tvemsiomal case, the pore defect content p is defined

asfollows:

p=4 7Y ()" (9)

where a and b denote the semi-major axis and the semi-mirsoofatie elliptical pore, respectively; A is the specimen
area, and k is the serial number of pores in the specimen.

For the case of the same size, the aspectahediptical pore may be different (the ratio of the semi-minor axisdo th
semi-major axis, defined a8 =b/a). h view of this, the different aspect ratio& €0.2, 0.5 and Jlwere selected in this
paper. And the size of each pore was the same in the generattesgof pore. The corresponding calculation formulas of
pore defect content p are presented in Table 3, where N is the nofiploees.

When the pore defect content are identi@l,ps = p2 = ps, the relationships between the values of semi-minor axis
under different aspect ratios are as follows:

g b =h =/2b, (10

Table 3 The corresponding calculation formulagpore defect content under the different aspect ratios

Aspect ratio Ar=0.2 Ar=0.5 Ar=1
SN 2N N
Pore defect content p, = — b’ p, =——7h? p, = Kﬂbf

A A




3.2 Random pore defects

By removing particles, elliptical pore defects were introduced into the es&blBEM model. The size, aspect ratio

and orientation of pores are represented by elliptical equation and rotational tratisfoequation:.

Elliptical equation: (X_ XO)Z +( y_by0)2 =1 (1D
a

. _ - [X' =cosfx+ siy
Rotational transformation equationy | . 12
y' =-sinfx+ coYy

where a and b are the semi-major axis and the semi-minor adie @fliptical pore defect respectivelky, yo are the
center coordinates of the defect;yxare the coordinates of the initial equation;yXxare the coordinates of the equation
after rotaton; 6 is the inclination angle between the semi-major axis of defect ampbditéve direction of the x-axis. Fig.
4 shows an example of the models containing elliptical pore defectAwith0.5. The cemé coordinates (x yo) of the
pores were randomly generated in the model. And the inclination arblgere 180° multiplied by a random number
ranging from [-1, 1].

Taking Ar=0.5 as an exampléhe numbers of pore N were set as 10, 20, 30, 40, 50 (intdri8) @and the semi-minor
axis b were20um, 30um, 40um, 50um; then, the corresponding relationships between the pore numiyer $&rhi-minor
axis b» and the pore defect contentwere establishedsshown in Table 4. In addition, the cases where the aspect ratios

Ar=0.2 andAr=1 can also be obtained by the formula (10) and Table 3, which are edt list

Table 4 The crelationship between pore number N, the semi-minor agiscopore defect content p

Semi-minor axis bz

Pore Number N

20pm 30pm 40pm 50pm
10 0.0031 0.0071 0.0126 0.0196
20 0.0063 0.0141 0.0251 0.0393
30 0.0094 0.0212 0.0377 0.0589
40 0.0126 0.0283 0.0503 0.0785
50 0.0157 0.0353 0.0628 0.0982

4 Resaultsand discussion

4.1 Effect of pore defect content on failure mode



In the uniaxial compression test, the compression loading obtained iromrmadving walls at the top and bottom of
model was applied to the DEM modgf the SiC ceramics with the random micropore defettaak the criterion for
loading stop and specimen failure that the current stress was lwe8®% of the peak stress in specinfillustrated
in Fig. 5, the images of specimen failure are presented, in whechréen lines represent the microcracks formed by the
breakage of parallel bonds and the white parts are the elliptical pore dHfeats.be observed that the increasing pore
defect content results in obvious change on the type of macro-@nattiesfailure specimen, presenting as different failure
modes.

As shown in Figs5(a)-(h), when the pore defect contar@srelative low, which meant the small area and low number
of pore defects, the internal microcracks explosively generated aloB@#° directionto form the shear macrocracks
with rough fracture surface in the failure specimBme failure mode of the specimen was brittle failgimilar to that of
intact specimen under compressidn.indicated that there was almost no interaction between the micropore defects
because of relative low pore defect content.

As the pore defect content gradually increased (the area and the number iofetinal pore defects incredse
accordingly), as shown in Fig5(i)-(0), there was an interaction between the adjacent pore defeetspradsure. At the
same time, except for the shear macroscopic crack formed by ¢jeeskzale explosion of microcracks, a new type of
macroscopic crack was generated in failure specimen, which was e¥awedhe wing crack that initiated around the
pore defect tips and propagdin the direction of the maximum principal stress (the axial loading directithe itext), as
illustrated in Fig. 6The failure mode of the specimen was the tensile-shear mixing.

Then as the pore defect content increased continuously, as shown irby$t), the interaction between the pore
defects became stronger and stronger, which could affect the stresstredioeein the specimenThe strong interaction
made the wing cracks around the pore defects tips propagate aadilthen resulted in eventually a large amount of
tensile coalescence between the adjacent pore defects. The tensile macrosdpin a@alescence, evolved from the
wing cracks, were mostly slender and their fracture surfaces smooth. Meanwhile, the failure mode of the specimen

was mainly the axial tensile splitting. The crack propagation and danehgeibur in specimen with random pore defects

were similar to those in specimen with random microcrack defeatsviln observed befdre [19}.can be concluded that

for the type of defect (random microcrack or micro pore), ther&imode of the specimen with defects under pressure

will change correspondingly with the increase of the defect content.

4.2 Effect of aspect ratio on failure mode



In addition to the pore defect content, the influence of the pore slmaffee dailure mode cannot be ignorddg. 7
presents the images of the failure specimen with three aspectafafioses (pore number N=30 and pore defect content
p=0.0212 were chosen as a representative .ddeeg DEM tests were performed with five random pore distributions so
that the random effect of the established model can be eliminated as mucksiédepdt can be observed that the
distribution of the pore defect exerts an effect on the propagation pdtie anacrocrackin the failure specimen.
Meanwhile, with the same pore defect content, the smaller the aspect ratigpofehdefectss, the more easily for the
macro failure mode of the specimen changes from the brittle fea¢fig. 7(a)) to the axial splitting (Fig. 7Jc)rhe
reason is that the pore withsmaler aspect ratidias small the curvature radius at the ptips, which leads to strong
stress concentration effect and interaction between the pore defectesidtathe wing cracks around the pore propagat
easily after the initiation to form the macroscopic tensile cracks.

In summary, Table 5 shows the failure madehe specimen with the different pore defect content and aspect ratio
under uniaxial compression. With the increase of pore defect conterg mtehaction between pore defects becomes
stronger and stronger. The type of macroscopic crack in the fapjamemen transfers from the origirgdl°>-70° shear band
to the tende macrocrack, which direction is along the maximum principal stress (lodifiection). The failure mode of
the specimen chang&®m brittle fracture to tensile-shear mixing and finally to axial splittingaddition, the change of

the failure mode is related to the aspect ratio of the pore defects: the smalleetheaBys, the easier the change

Table 5 Failure mode of specimen with random pore defects under uniaxiatessign

Failure ) . . . -
Brittle fracture Tensile-shear mix Axial splitting
mode
Pore
defect Ar=0.5,0<p<0.0157 Ar=0.5, 0.0157<p<0.0393| Ar=0.5, 0.0393<p<0.0982
content
Example
/Tensile macrocrack
. ’
\ s
(20,40,0.0126) (30,40,0.0283) (40,40,0.0503)




Aspect

i Ar=1, p=0.0212 Ar=0.5, p=0.0212 Ar=0.2, p=0.0212
ratio

Example

shear band

It is not difficult to see from the above results that the failure médbeospecimen is greatly affected by the defect
content and the aspect ratiGombining Table 3 and TabW, by shorting the interval of pores number and adding the
aspect ratiosAr=1/3 and1/4), more DEM simulations have been carried out. Fig. 8 rouglssgimplified diagram of
the failure moden the specimen with different pore defect content and the aspect rattbs. figure, the abscissa is the
reciprocal of the aspect ratio; the ordinate is the pore defect comtemtdata points are the critical values of the
corresponding pore defect contexidifferent aspect ratios when the failure mode is changed (the numerical vatults
five random pore distributions have presented). It can be seen thathwithcrease of pore defect content, the macro
failure modes of the specimen are divided into three regigrB:add C in the figure, which correspond to three failure
modes respectively: brittle fracture, tensile-shear mixing and axial splitting

When the pore defect content is lawhigh enough, the failure modes are brittle fracturexial splitting accordingly
and they are not affected by the aspect ratio of the pore. When thdgfece content is moderate, the flatter the pore
defect is (the larger the At/ is), the more easily for the failure mode changes from brittle fradtutensile-shear mixing,
or from tensile-shear mixing to axial splitting. In the meantimis, Wtorth noting that when the pore defect content is in a
certain interval, as shown the gray rectangular area (region D ig.RB), with the decrease of the aspect ratfoof the
pore defects (the increase of thar)/ the failure mode of the specimen could transfer from brittle fratdutensile-shear

mixing and finally to axial splitting. The interval has been confirmdeign 7 (the interval should be around p = 0.0212).

4.3 Analysis of mechanical properties

The pore defects with random orientation and position would affectttbss sdistribution in the specimen under

pressure and the macroscopic mechanical properties of the speciménsliagvs the curves of stress and crack initiation
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number with strain for aspect ratio&.=0.2, Ar=0.5 andAr=1 at different pore defect content during loading. The crack
initiation number is represented by the numbebroken parallel bonds. It can be found from the figure that as the pore
defect content increases, the slope of the stress-strain curve decreases abytinhimh indicated the elastic modulus of
the material decreased. Meanwhile, the value of peak stress andss#laim reduced correspondingly after the speaim
failure and the bearing capacity of the speciisegreatly weakeed The crack initiation number has gradually increased
from three stages during the loadirgijow growth, rapid growthexponential explosion growtfhe larger pore defect
content is prone to make the initiation and propagation of microcratksh wesults in the failure specimen during the
rapid growth stage. By comparison with previous studies, it efobnd that the stress-strain curve and the crack

initiation strain curve of the specimen with random pore defects ayesiveilar to that of the specimen with microcrack

defect Eb In this process, the smaller the aspectisatite more easily for the stress-strain curve change.

A sketch is generalized from the above numerical results to furtheyzantdie stress-strain curves of the brittle
materials with random defects under uniaxial compression, as showmy.ii0FiThe curvesOAB:C: and OA:B,C;
represent the case of the specimen with low and high defect content redtpe®iwing the initial loading, the
stress-strain curves present the rising straight lines (s€afipandOAy). The reason is that there is the linear elastic stage
that is caused by the elastic deformation of the microdefects for the mates@e® the strain in secti@?; and OA:
Oea1>0c¢na2.

Then, the curve reached the point of crack initiation. The reasgrthehslope of the corresponding curve showed a
slight decrease and fluctuation (curveBAand AB;) was that before arriving at peak stress, the micro-damage in
specimen appeared and some of microcracks were initiated and propstghtedThis process is knovas a nonlinear
hardening stage, represented by the straiasi>eares2, Which shows that the load bearing capacity of specimens with
low defect content is stronger at this stage, compared witbthéh defect content.

Finally, the specimen reached the peak stwes3he current stress of the specimen with low defect content decreases
rapidly and the increasing microcracks exponentially make the specireak down in an instant. This process is
characterized by the rapid stress drop. However, the downtrend efitstress of the specimen with high defect content
is slower and the strain is featured by certa@oftening (the downtrend of stressection BC:> section BC; and strain:
ep1ec1<emzec2). The reason is that the tensile coalescence between the internal defects waimftmensgdecimen with high
defect content during loading and the fracture energy was absorbiedl, pldned a certain role oftoughening. It was
generally recognized that after the specimen reached the peak stress, thetteeapeisegmenBC was, the larger the

brittlenessof material was. During the loading, the stress-strain curve of the speciithelowv defect content presented
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the brittle fracture characteristics, while the stress-strain curve of thengmewiith high defect content showed the plastic
deformation characteristic because of axial tension splitting in the specime

The results of compressive strength and crack initiation stress weratpceagainst different pore defect content and
pore aspect ratim Figs. 11 and 12 (the average results from five DEM simulations are asddhe error bar represents
the standard deviation of the relevant results). It can be found that wiihctiease of the pore defect content, the
compressive strength and crack initiation stress of the specimen acedetnlinearly. And a fluctuation of the error bars
means that the randomness of the defect distribution has an influettoe sirength of the specimetwlas larger for the
decreasing trend of the compressive strength and crack initiatios sfré® specimens with smaller pore defect content
which conformed that the brittle materials such as ceramics are sensitiveettsdéBesides, it indicated that the low
content of defecthas an obvious effean the strength of specimen. In addition, the specimen withniladlexr aspect ratio
of the pore defects featured as the lower the compressive stredgtieasrack initiation stress. This is because the pores
with smaller the aspect ratios have the large stress concentration faatbrdepends on the curvature radius of ptre.

results in the obvious interaction between the pores and the weed@gtls and bearing capacity of specimen.

4.4 Comparisorof effective Young's modulus

With respect to the discussion of the mechanical properties of solid materialsnisibdefects, the calculation of

effective Young's modulus plays a significant role in the theotetitalysis of damage of brittle materialaking the

elliptical poresas an example, the sameres area may have different aspect ratios. Therefore, Kaghanov [32] théde

eccentricityg on the basis of pore defect content p for the choice of parameters drés density, and the formula is as

follows:
1 2
q:KﬁE (a-b° a3

For the specimen with randdynoriented pores in the need of considering the defect interaction, thévefféoting's

modulus [32] in the Mori-Tanaka scheme and the Self-Consistent sarerderived:

Mori-Tanaka schemeE = 1

E, 1+@p+q)@d- p)y*

E
Self-Consistent schemeg =1-3p+q) (15

For the convenience, 3p+q is defined as the pore d({nsit [32]18ighows the comparison of effective Young's
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modulusof the DEM simulation with the predictiond the Mori-Tanaka scheme and the Self-Consistent scheme (SCS) at
different pore densities. It can be seen that the resuttee DEM simulation areoincide with the approximations of the
Mori-Tanaka scheme and the self-consistent method at low pore der&itieshen the pores density 3pisghigh, the

DEM results are slightly lower than the theoretical result of Manaka scheme. Two possible reasons are: (1) the
established discrete element specimenamsitial porosity p, which derived from the gaps exdgtamong the adjacent
particles. And it maydecrease the Young's modulus after the pore defects is introducgaed@men; (R the strong
interaction between the defects is considered in the DEM simulation at higtt diefnsities, which resulted in the
remarkable reduction of the effective modulus, while the Mori-Tanakansghwhich only considered weak interaction

between defects, has higher precisalow defect densities.

5 Conclusions

In this paper, a discrete element mode5af ceramics with random micropore defects was established. The effects
pore defect content and aspect ratio on the failure modes and mechanicaigaagesiC ceramic specimens were
studied. Main conclusions are drawn as follow:

(1) The pore defect content and aspecbtadive a significant influencen the failure mode of specimen with randomly
oriented micropore. With the increase of pore defect content, excepefehéar macroscopic crack generated along the
60°-70° direction, a new type of macroscopic crack was generated irefapp@cimenwhich is evolved from the wing
crack that initiated around the pore defect tips and propagathe direction of the axial loading. And the failure mode of
specimen was changed from traditional brittle fracture to tensile-shizérg, then to axial splitting. The smaller the
aspect ratio was, the more easily for the failure mode changed.

(2) The stress-strain characteristics of specimens with high defect tcantelow defect content are distilyctifferent.

In linear elastic stage and nonlinear hardening stage, the stress-stvairotgpecimen with low defect content teas
higher slope and larger strain. And a rapid drop of stress which irdlitla¢ée material brittleness will happen after
specimen rea@speak stresdHowever, the downtrend of current stress of the specimen igithdefect content is slower
and the strain is featured by certagoftening due to tensile coalescence between the internal defects

(3) The compressive strength and crack initiation stress of the spede@nerase nonlinearly as the increase of pore
defect content. And it was larger for above decrgpsiendin the specimens with smaller pore defect contéhe
specimen with the smaller aspect ratio of the pore defects characterizedl@sethéhe compressive strength and the

crack initiation stress.
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(4) The results of the effective Young's modulus obtained fiiserete element simulation are fully consistent with that
of the Mori-Tanaka scheme and the Self-Consistent scheme at lowgrmidas. But when the pores densities are large,

the resuls of the discrete element simulation are slightly lower than that of the Moak@astheme.
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Fig. 1. SEM images of typical defects in SiC cera [1]
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Fig. 2. Parallel-bonded (ball-ball) contacts in 8@4]
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(a) Uniaxial compression test

(b) Three-point bending test

(c) Single edge notched beam test

Fig. 3. Calibration tests of micro parameters in DEM
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Fig. 5. Failure model of specimenyiN, p) with different pore defect content p
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