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Abstract The effect of thermal mismatch induced resid-

ual stresses on grain boundary microcracking in titanium

diboride (TiB2) ceramics has been studied by finite element

method. A cohesive zone model was used to simulate the

microcracking initiation in four-point bending specimens.

In particular, the microcracking was assumed to occur at a

grain boundary which is located in the center of the spec-

imen, surrounded by a thermally anisotropic area. The

predicted failure strength appears to be significantly

reduced by the presence of residual stresses when the

cohesive energy of the microstructure is small. The failure

load from experiments has been used to determine the

critical damage parameters for microcracking initiation in

both pristine and aluminum-infiltrated TiB2. A viscous

regularization technique is employed in the simulations to

improve the rate of convergence of the solution and the

effect of the value of the viscosity parameter on the sim-

ulation results, has been investigated. The effect of grain

size, grain orientation, and number of employed thermally

anisotropic grains, on the microcracking is also discussed.

Introduction

Microcracking in titanium diboride (TiB2) polycrystalline

ceramics is not desirable in view of its possible employ-

ment as cathode material in the electrolysis process of

production of aluminum. Primary source of microcracking

in such material are residual stresses which arise during the

fabrication process because of the thermal anisotropy at

grain level in combination with cooling from about

1500 �C to room temperature. Moreover, it has been

reported that TiB2 is subjected to grain boundary penetra-

tion by liquid aluminum at high temperatures and this leads

to further weakening of the material [1–3].

Several studies have focused on the calculation of the

residual stress field along grain boundaries which are the

most likely location for microcracking nucleation in

polycrystalline materials [4–8]. It is well-established that a

critical grain size exists and thermal induced microcracking

can be avoided in microstrutures with grain size smaller

than the critical one. Nevertheless, after fabrication and

during service the material will be possibly subjected to

external load which can create additional stresses along the

grain boundary and give rise to brittle fracture. It is

important to understand the contribution of the residual

stress on the failure strength. In the present paper, finite

element (FE) models are employed to investigate the effect

of residual stresses on microcraking. Because the material

is brittle the load at which a microcrack initiates at the

grain boundary located at the center of four-point bending

specimens is taken as the failure load. Subsequently, the

failure load is normalized and the results are presented as

failure strength. In addition, the weakening effect of Al

penetration is also investigated by the use of the experi-

mental results of Al-exposed TiB2 specimens from an early

study of the authors [3].

Cohesive zone models available in ABAQUS, whose

damage and failure are controlled by a critical traction and

a cohesive energy density, have been utilized to model the

grain boundary cracking behavior. The cohesive energy

density corresponds to the grain boundary energy in this

case. In the last decade cohesive elements have been often

used to simulate delamination. When modeling thin brittle

interfaces by cohesive elements, numerical problems can
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arise in quasi-static simulations [9–11]. Different solutions

are proposed in the literature, such as mesh refinement,

viscous regularization, and the use of a local arc-length

control procedure [11–13]. The viscous regularization

method is used in the present study.

The paper is organized as follows. In the first section, a

description of the employed FE model, the material prop-

erties, and the viscous regularization technique used is

given. Then the main numerical results are presented and

the effect of the chief parameters on the failure strength by

brittle fracture is discussed. Experimental data for both

pristine and Al-infiltrated TiB2 from Ref. [3] were used to

extract the corresponding critical grain boundary energy

density. Lastly, some conclusions are drawn.

FE model, material data, and regularization technique

The dimensions of the 4-point bending specimen are shown

in Fig. 1. The width of the specimen is 4 mm. A two-

dimensional FE model of the specimen with about 40000

elements was created. Plane strain four-node elements were

employed. In order to take into account thermal anisotropy-

induced residual stresses, the microstructure model is based

on Clarke’s model [7]: two grains surrounded by matrix

material are used and the grain shape is square (Fig. 2).

The grain dimension l is 10 lm, slightly larger than the one

of the material studied in the experimental work by Jensen

et al. [3]. Grain sizes of 20 and 50 lm were also considered

in order to investigate the grain size effect. The grain area

is located at the origin of the model, Fig. 2. A 2-grain

ensemble with grains symmetric to the x-axis is taken as

the basis for the study. For comparison purpose 8-grain and

72-grain ensembles were also considered. The TiB2 mate-

rial has Young’s modulus 732 GPa at room temperature

[3], and Poisson’s ratio 0.108 from literature [14]. As in

Clarke’s work [7], the material surrounding the grains,

previously called matrix material, is assumed thermally

isotropic with TiB2’s average properties (Fig. 2); each

grain is thermally anisotropic with thermal expansion

coefficients being dependent on the crystallographic

directions. Thermal expansion coefficients, denoted by ai,

are taken from Ref. [14]; they are increasing functions of

the temperature and their values are of the order of

10-6 K-1. The angle between the direction of maximum

thermal expansion and the x-axis is denoted by h, Fig. 3.

The default angle h is equal to 45� when not otherwise

specified. Elastic isotropy is assumed everywhere.

The specimen is subjected to a thermal and a mechanical

load. The simulations consist of two load-steps: the first is

the application of a change of temperature corresponding to

a cooling process. The production of ceramics by sintering

or hot-pressing is carried out at high temperatures. There-

fore, the final stage of fabrication of ceramics cools down

from high temperatures to room temperature. The initial

temperature is chosen here as 1500 �C and the final one is

Fig. 1 Four-point bending setup

Fig. 2 Specimen’s model: the grains, the cohesive zone, and the

boundary conditions are indicated in the sketch; the dimensions of the

cohesive zone and of the grains are exaggerated for clarity

Fig. 3 Schematic plots of the grain ensembles
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20 �C. The second step is the enforcement of the

mechanical loading on the specimen according to the

4-point bending setup (Fig. 1).

The failure load was measured by 4-point bending test

and is about 579 N at room temperature for the pristine

material. The corresponding failure strength is about

483 MPa. For TiB2 material exposed to liquid aluminum

for 1.5, 2, and 3 h, the penetration depths were 0.2, 0.45,

and 0.65 mm, respectively. The details can be seen in Ref.

[3]. The Young’s moduli for the Al-infiltrated samples are

587, 576, and 563 GPa at room temperature, respectively

[3].

The grain boundary of interest is modeled by a long

sequence of cohesive elements in the middle of the model

(at y = 0), with initial thickness T0 = 1.0E-5 lm. The

length of the cohesive elements close to the origin is

2.5 lm; the length increases up to 10 lm for the elements

along the x-axis direction within the distance 50–1000 lm

from the origin O and to a maximum of about 20 lm

(Fig. 4). The stiffness of the interface, Kint, is of the order

of 1012 N/mm3. A bilinear traction–separation law is

employed to describe the behavior of the interface, i.e., the

grain boundary (Fig. 5). The material response is linear

elastic up to the critical traction. After the critical traction

is reached, the process zone starts to develop and the

material stiffness is degraded. From this point, the normal

traction is a decreasing linear function of the opening

distance between the upper and lower surfaces of the

cohesive elements.

The critical traction r0, which determines the beginning

of the damage process, is chosen as 800 MPa. Other values

were also employed (900 and 1000 MPa) and a discussion

about the effect on the results is reported in the next sec-

tions. The interface constitutive behavior is given by:

rn ¼ ð1� DÞKintdn

with rn the normal traction, dn the opening displacement

between the two crack surfaces, and D the damage variable

(Fig. 5). D has values belonging to the range 0–1, where

D = 0 is the initial value, when no damage has developed.

In the present study, a linear softening law was chosen to

describe the damage evolution of the interface after the

critical traction is reached; the damage variable progresses

according to the following law [15]:

D ¼
df

n dmax
n � d0

n

� �

dmax
n df

n � d0
n

� � with df
n ¼

2Gc

r0
eff

where r0
eff is the effective traction at damage initiation and

dmax
n the maximum value of the effective displacement

attained during the loading history. Note that all the

quantities here refer to the normal component of the cor-

responding variable because in the present study only the

normal component is considered.

In the present simulations the use of a regularization

technique was necessary in order to complete the calcula-

tions. More details about the nature of the instability are

discussed in the next section. The viscous regularization

available in ABAQUS was employed. The value of vis-

cosity v = 1.0E-5 was used in the analyses. In addition, a

study of the effect of the viscosity value on the failure

strength was carried out and results are presented in the

next section. Briefly, the viscous regularization of the

cohesive elements’ constitutive equation consists in the

introduction of a viscous stiffness degradation variable Dv.

The evolution of the variable Dv is described by the fol-

lowing equation [15]:Fig. 4 FE model: global and local mesh

Fig. 5 Bilinear traction–separation law without viscosity regulariza-

tion: normal component of traction and normal opening displacement/

separation
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_Dv ¼
1

v
D� Dvð Þ

where v denotes the viscosity parameter. The response of

the interface material becomes rate-dependent and is

modified as:

r ¼ ð1� DvÞ�r

where r indicates the nominal traction stress tensor and �r
represents the stress tensor predicted by the elastic trac-

tion–separation behavior for the current strains without

damage. Small values of v improve the rate of convergence

of the model without affecting significantly the results [15].

For clarity, the parameters used in the paper are sum-

marized in Table 1.

Results and discussion

The presence of local residual stresses (rs) has a strong

effect on the macroscopic failure strength. In the following,

the effect of important factors which affects the residual

stresses, such as grain orientation, grain size, and number

of grains has been studied and results are presented. The

parameters employed to simulate damage and fracture (Gc,

r0, and Kint), and the viscosity parameter (v), are linked to

the material properties but have also an important role from

the numerical point of view as it will be shown in the

following.

Effect of viscosity parameter

When cohesive elements are employed to simulate the

cracking behavior of a brittle thin interface, the softening

part of the cohesive law can cause some problems to the

solution algorithm. A snap-back instability can occur

depending on geometry (interface thickness T0), interface

behavior (interface stiffness Kint), and FE discretization

(length of the elements adjacent to the cohesive zone) [11].

If a discontinuity of the response occurs, the simulation can

stop. More details of the problem can be found in refer-

ences [11–13]. A possible solution is the viscous regular-

ization method [11]: this consists in introducing a fictitious

Table 1 Summary of the parameters employed in the present study

Type of parameter Parameter Symbol Value (other values) Source

Specimen

dimensions

Length 50 mm Experimental

Width 4 mm Experimental

Thickness 3 mm Experimental

Material properties Elastic E (T = 20 �C) 732 GPa Experimental

m 0.108 Literature [14]

Thermal ai 6711 9 10-6 K-1 Literature [14]

Grain orientation h 45� (0�; 90�)

Grain size l 10 lm (20 lm; 50 lm)

No. of grains n 2 (8; 72)

Cohesive model Mesh dimension Min–max cohesive

elements’ length

(x-direction)

2.5 7 10 lm

Initial thickness T0 (y-direction) 1.0E-5 lm

Cohesive traction r0 800 MPa (900 MPa; 1000 MPa)

Cohesive energy density Gc 0.03 7 0.24 N/mm

(2 N/mm; 4 N/mm)

Interface stiffness Kint Order of 1012 N/mm3

Viscous

regularization

Viscosity parameter v 1.0E-5 (1.0E-9 7 1.0E-3)

Cooling process

parameters

Initial temperature Tin 1500 �C

Final temperature Tfin 20 �C

Four-point bending

parameters

Failure load (pristine

material)/corresponding

failure strength

Pa=0/ra=0 579 N/483 MPa Experimental [3]

Exposure to liquid

Al parameters

Exposure time t 1.5 h 2 h 3 h Experimental [3]

Penetration depth a 0.2 mm 0.45 mm 0.65 mm Experimental [3]

Young’s modulus Ea (T = 20 �C) 587 GPa 576 GPa 563 GPa Experimental [3]
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viscosity parameter in the constitutive equation of the

cohesive elements. Its effect is to help the convergence of

the solution by dissipating excess energy; but the value of

the viscosity parameter should be small enough to not

affect the results [12]. The effect of the viscosity parameter

on the simulated failure strength rc is presented first

(Fig. 6). It can be seen that for values v B 1.0E-5 the

predicted rc becomes independent of the viscosity param-

eter. A large value of viscosity corresponds to an overes-

timation of the failure strength for both cases with and

without residual stresses. If a value of v significantly

smaller than the characteristic simulation increment size is

used, the analysis terminates just after the critical traction

for damage initiation r0, is reached at the first cohesive

elements/nodes along the grain boundary. It was also found

that the convergence of the model without residual stresses

is more difficult than the case with residual stresses,

probably because of the more homogeneous stress field in

the cohesive elements. The viscosity parameter’s value was

chosen as the minimum one which could guarantee con-

vergence in all cases, namely for different combination of

grain size, cohesive energy density, and load. Even though

in some particular cases a smaller value could be used, all

the results presented below were calculated using the same

v = 1.0E-5, in order to keep consistency.

Effect of residual stresses

In Fig. 7 the predicted failure strength is plotted as a

function of the cohesive energy density. When the cohesive

energy density Gc is smaller than 0.1 N/mm, the failure

strength without residual stresses is close to 1000 N. The

results in Fig. 7 show that residual stresses weaken

strongly the strength of the material. This difference of

failure strength is more pronounced at small cohesive

energy density levels (Fig. 7a). Residual stresses are local

stresses which have a large effect on the formation of

microcracking. The failure strength for the case with

residual stresses shows a stronger dependence on the

cohesive energy density. It can be expected, as shown in

Fig. 7b, that when the cohesive energy Gc is large enough

(larger than 0.4 N/mm) in the present case, the effect of the

residual stresses can be neglected. This is due to the fact

that when the grain boundaries possess a cohesive energy

which exceeds a critical value, the material has such a

strong microstructure that the effect of local residual

stresses becomes negligible with respect to the strain

energy necessary to break the grain boundary.

Effect of grain size

Grain size plays an important role in microcracking. In

addition to the case with grain size 10 lm, two models

with grain size 20 and 50 lm have been created. A

Fig. 6 Effect of viscosity values v (Gc = 0.01 N/mm)

Fig. 7 Residual stresses effect on the failure strength: a small

cohesive energy densities; b large cohesive energy densities
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microstructure with smaller grains is expected to have

stronger cracking resistance. In Fig. 8 the failure strengths

for different grain size microstructures are plotted as a

function of cohesive energy density. It is interesting to note

that for Gc = 0.03 N/mm the failure strength for grain size

10 lm is about 6 times that for the case with 50 lm. The

failure strength for the case with residual stresses approa-

ches to the one without residual stresses as the cohesive

energy density increases. The failure strength as function of

cohesive energy density shows a linear trend for small

cohesive energy densities.

Effect of grain orientation

Material orientation also affects the residual stress distri-

bution and further the failure strength. Three cases with

same grain size 10 lm but different angles, h = 0�, 45�,

and 90�, were considered (see Fig. 3). In Fig. 9 the opening

stress distribution along the grain boundary in the model

with two grains is plotted after the cooling process is

completed (at room temperature). It results from this

analysis that the stress distribution for the case h = 0� is

the least favorable for microcracking. In fact the opening

stress resulting from thermal anisotropy is compressive in

the first 10-lm distance along the grain boundary.

When the grain orientation is h = 90�, the grain

boundary is perpendicular to the maximum thermal

expansion direction, hence it is expected to experience the

largest tensile stress [4]. A large tensile stress means that

there is a chance to reach the critical cohesive stress and

that damage will start in the grain boundary. In fact the

stress distribution shows that damage has already started in

the first 7 lm of the grain boundary after the cooling, due

to thermal anisotropy (Fig. 9). It is found that in the case

h = 90� fracture occurs at a lower load, and accordingly

shows lower failure strength, than for either h = 0� or 45�
(Fig. 10).

Effect of number of grains

The number of thermally anisotropic grains included in the

model affects the stress distribution, hence the micro-

cracking initiation, as previously observed by Evans [4].

Three cases, 2-, 8- and 72-grain ensembles, were consid-

ered with grain orientation h = 45� (Fig. 4).

The results in Fig. 11 show that the model with 72 grains

predicts the lowest failure strength. It is interesting to note

that the failure strength does not show a regular trend as the

number of grains changes: the failure strength by the 2 grains

model falls between the cases 8 and 72 grains when the

Fig. 8 Grain size effect on the failure strength for the case with

residual stresses: a small cohesive energy densities; b large cohesive

energy densities

Fig. 9 Effect of grain orientation on the residual stress distribution

along the grain boundary (Gc = 0.01 N/mm)
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cohesive energy density is small. The exact reason is not

very clear to the authors. Probably due to the free boundary

on the y axis (Fig. 4) the 2- and 8-grain model are not con-

sistent to each other. For larger cohesive energy densities

(Gc C 0.03 N/mm), a systematic trend can be observed—

increasing the number of grains reduces the failure strength.

The increased constraints given by the presence of neigh-

boring and pre-stressed grains can explain the lower failure

strength for the model with larger number of grains.

Effect of damage parameters

The failure strength increases with the increase of Gc. In

Fig. 7 the failure strength is depicted as a function of

cohesive energy density. The experimental failure load

measured in 4-point bending tests [3], or equivalently the

failure strength, can be used to find the corresponding

cohesive energy density predicted by the 2-grain model

with h = 45� and r0 = 800 MPa. The experimental failure

load of pristine TiB2 which is 579 N (failure strength

483 MPa), corresponds to a cohesive energy density

approximately equal to 0.025 N/mm (Fig. 7).

The value of the critical traction should be chosen in

connection with the interface material properties [10]. In

the present case no experimental measurements were

available. The material displays average macroscopic

flexural strength 411 ± 152 MPa. With a value of critical

traction (or interface strength) equal to 1000 MPa, the

simulations had problems of convergence in some cases.

Lower values of critical traction can improve the compu-

tational burden but too low values can affect extensively

the accuracy of the results [9, 10]. Therefore, the effect of

the value of r0 on the failure strength was studied.

Figure 12 shows that when a smaller value of r0 is used,
Fig. 10 Grain orientation effect: a small cohesive energy densities; b
large cohesive energy densities

Fig. 11 Effect of number of grains on the failure strength with grain

orientation h = 45�

Fig. 12 Effect of critical traction r0 on failure strength rc, in the

cases with and without residual stresses (rs). The numbers indicate the

value of r0 in MPa
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the failure strength predicted by FE calculations is smaller

but still in a fairly acceptable range. Particularly, in the

case with residual stresses the effect of r0 is almost neg-

ligible. In light of these results, the critical traction was

assumed equal to 800 MPa which is a reasonable com-

promise between the two issues. The value of the critical

traction has also an effect on the results in connection with

the used mesh refinement level. A large value of the critical

traction can cause spurious oscillations of the global

response [10]. Turon et al. [9] proposed a method to

determine the value of the necessary critical traction to

obtain satisfactory results given the mesh size. In the

present case this effect was not observed, thus the param-

eters chosen seem to be appropriate to the mesh refinement

level.

In Fig. 12 a slight irregularity in the trend of the failure

strength as function of the cohesive energy for different

critical tractions can be observed at Gc = 0.03 N/mm for

the case with residual stresses. It should be pointed out that

the failure strength’s values reported are calculated from

the failure loads which are average ones between the loads

at which the stress field changes from positive to zero at the

first nodes along the grain boundary. Hence the irregularity

in Fig. 13 can probably be caused by the numerical

procedure.

The values of the process zone corresponding to dif-

ferent Gc are reported in Table 2. The length of the process

zone as defined by Hilleborg [16], is given by EGc

ðr0Þ2. As the

cohesive energy increases, the length of the process zone

also increases up to a value larger than the length of the

specimen thickness. This implies that the problem is in a

strength-controlled regime. This is also confirmed by the

results in Fig. 12: the resultant failure strength for a given

value of Gc, varies for different values of r0.

The process zone in brittle materials is the damage zone

behind the crack-tip where microcracking and crack-

bridging activities are present [17]. Depending on the size

of the process zone relative to the size of the specimen, the

fracture can be in the strength-controlled or in the tough-

ness-controlled regime. The fracture process zone is usu-

ally relatively large in small specimens therefore the

fracture is dominated by the strength criterion. On the

contrary, in large specimens the fracture is controlled by

the fracture toughness criterion because the fracture pro-

cess zone length is relatively small compared to the spec-

imen dimension and to its distance to the nearest specimen

boundary. The present case could be comparable to the un-

notched case; more detail can be found in [17].

The interface stiffness Kint effect was also analyzed. The

interface stiffness is a penalty stiffness: its purpose is to

guarantee a proper stiffness to the interface without

affecting significantly the failure process [9, 10]. A large

value of the interface stiffness is necessary to assure a

correct representation of the behavior before cracking but

too large values can cause numerical problems [9, 10]. The

effect of Kint on the failure strength is presented in Fig. 13

for the case with residual stresses: for values of Kint in the

range 7.32E?8–7.32E?13 N/mm3, the failure strength

is about 630 MPa for Gc = 0.03 N/mm. With values

beyond the indicated range (Fig. 13), numerical problems

occurred.

Degraded material

In our previous work [3], four-point bending specimens of

TiB2 were exposed to liquid aluminum at 1000 �C. For

different exposure times to liquid Al, different penetration

depths a, were measured [3], as summarized in Table 1.

Specimens of pristine and Al-penetrated TiB2 were also

subjected to mechanical testing, microindentation, and

4-point bending. In particular, the specimens more exten-

sively penetrated along grain boundaries by liquid Al,
Fig. 13 Effect of the interface stiffness Kint on the failure strength rc

(Gc = 0.03 N/mm)

Table 2 Length-scales involved in the present study

Part Length measured along the x-direction (lm)

Specimen 3000

Grain 10

Cohesive elements 2.5 (for x = 0–50 lm)

2.5–10 (for x = 50–1000 lm)

10–20 (for x = 1000–3000 lm)

Cohesive zone 3000

Gc and corresponding

process zone length

Gc (N/mm) lpz (lm)

0.01 11.43

0.03 34.31

0.24 274.5

4 4575
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displayed smaller failure strength (Fig. 14a). The experi-

mental failure load for each level of penetration (the cor-

responding values of failure strength are reported in

Fig. 14a) was used in the present model to find the corre-

sponding cohesive energy for which crack begins at the

grain boundary (Fig. 14b). The values were calculated

using the 2-grain model, with grain size 10 lm and critical

traction r0 = 800 MPa. The elastic modulus was also

changed according to the experimental values for the

materials with different penetration (due to different

amounts of exposure time). The simulations show that the

grain boundary cohesive energy decreases as the Al pen-

etration depth increases. The specimen penetrated by liquid

Al along 0.65 mm showed a failure load of about 362 N

(failure strength 300 MPa); this corresponds approximately

to cohesive energy density 0.01 N/mm which is less than

half the value found for pristine TiB2 (Gc = 0.025 N/mm).

Therefore, the effect of the liquid Al is to weaken the grain

boundaries such that microcracking occurs more easily. We

also observed that the fracture mode in TiB2 changed from

transgranular to intergranular with Al penetration [3]. This

change is an indication of grain boundary energy decrease.

The cohesive energy density calculated here is the value

of energy necessary to start microcracking along the grain

boundary. Experimental values were not available. None-

theless, it is possible to make a qualitative comparison with

values of TiB2 macroscopic fracture toughness measured

experimentally by Baumgartner [1]. These values show

that the exposure to Al at high temperatures decreases the

material fracture toughness and this corresponds to a

reduction of effective fracture energy. Even though the

present values refer to a specific type of cracking (i.e.,

microcracking along grain boundary) the model reproduces

a similar reduction of cohesive energy; this was obtained

by varying the Young’s modulus and the failure load from

experiments. Note that the measurements of KIc in Ref. [1]

were carried out at T = 960 �C, while in the present study

the penetrated specimens were tested after cooling, at room

temperature, and note also that there are differences of

experimental setup and material microstructure.

Concluding remarks

Thermal mismatch induced residual stresses exert a strong

influence on the grain boundary cracking in polycrystalline

materials. A FE model of 4-point bending specimens was

employed and cohesive elements were used to describe the

damage and microcracking of a grain boundary located at

the center of the specimen. Clarke’s model [7] was

employed to represent thermal anisotropy in a limited

number of square grains, placed at the two sides of the

grain boundary and surrounded by both thermally and

elastically isotropic material with the average properties of

TiB2. Even though the model makes some assumptions

about grain shape and localized thermal anisotropy, it is

believed to be appropriate for a preliminary analysis of the

local thermal anisotropy effect on grain boundary micro-

cracking initiation. Clarke’s model was employed previ-

ously to model the strengthening effect of nanoparticles on

ceramic composites [18].

It was found that the failure strength is strongly affected

by the presence of thermal mismatch induced residual

stresses. For microstructures with grain size 10 lm, the

failure strength at Gc = 0.01 N/mm was found to be about

4 times larger than the case without residual stresses.

Furthermore, when the grain boundary energy is large the

residual stress effect on microcracking initiation tends to

vanish. The numerical results show that grain size and

grain orientation as well as number of grains play a sig-

nificant role in the residual stress distribution.

Fig. 14 Experimental failure strength and corresponding cohesive

energy density
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It should be noted that simple square grain shape has

been applied in this study. A discussion about the effect of

grain shape on the residual stress distribution and micro-

cracking susceptibility can be found in [4]. Evans [4]

studied a single hexagonal grain configuration first and

focused on the grain facet normal to the direction of

maximum expansion. It was concluded that the relaxation

of the other boundaries generates an increase of the stress

singularity term at the extremities of the facet of interest. In

addition, it was found that the hexagonal grain shape is the

one that corresponds to the worst scenario for the micro-

cracking from triple point defects of the single grain con-

figuration. In a multigrain configuration, the effect of the

neighboring grains is to increase the stress all along the

facet under study, not just the stress singularities at the

extremities. Note that the relative grain orientations play an

important role: neighboring grains with similar orientations

maximize the stress on the facet under study. In the present

case, the use of square grains implies a different stress

distribution along the facet of interest; but the resultant

stress is largely dependent on the relative grain orientations

of neighboring grains. Therefore, we can conclude that the

present results are probably a slight underestimate of the

stress fields of hexagonal multigrain configurations.

Variations of the employed critical traction of

±100 MPa, has a small effect on the failure strength. In

particular the effect of the critical traction on the failure

strength is almost negligible in the case with residual

stresses. For what concerns the interface stiffness, the

bound values are identified in order to overcome numerical

problems.

The experimental failure loads measured in our previous

study [3], for both pristine and aluminum-infiltrated TiB2,

were used to identify the corresponding grain boundary

energy from the simulations with residual stresses. It

was concluded that a cohesive energy density of about

0.025 N/mm corresponds to the experimental failure load

579 N (flexural strength 300 MPa), assuming r0 = 800 MPa.

The presence of liquid Al decreases the grain boundary

energy.

During the simulation of the microcracking of the brittle

interface by cohesive elements, convergence problems

occurred, especially in the case without residual stresses.

The introduction of a small fictitious viscosity in the

cohesive law in combination with the use of a small-step

increment in the simulations, improved the convergence

rate and the effect on the results (microcracking initiation)

is negligible.
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