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Numerical analysis was undertaken to simulate a modification of the normalized stress-intensity 
factor applicable when the crack tip is in the vicinity of an interface separating materials of 
differing elastic properties. It is predicted that when the initial crack is subcritically extended to the 
interface, the strength of the sample is greater than if the failure occurred from the initial crack, 
without arrest at the interface. The fracture behaviour of microcracking on a polished WC/Si3 N4 
sample was examined. Crack branching, deviation and arrest were observed to depend on the 
instantly released energy. 

1. Introduct ion 
In most ceramics of practical interest, the size of 
microcracking leading to ultimate failure is compar- 
able with that of microstructural inhomogeneities. 
The latter, which could alter the behaviour of a 
microcrack, consist of (1) internal stress arising from 
anisotropy in thermal expansion along different crys- 
tallographic directions, (2) second-phase inclusion 
having different elastic and thermal expansion charac- 
teristics by comparison with the matrix, and (3) duplex 
microstructure consisting of a few large grains in 
a matrix of otherwise fine grains. Our work is focused 
on the influence of a second phase on the fracture 
behaviour of microcracking which is of particular 
significance in relation to delayed failure in a ceramic 
composites. 

The influence of second-phase particles on fracture 
has been previously examined [1-3]. Interaction of 
a crack front with second-phase particles has also 
been examined with regard to the mismatch of elastic 
properties [4, 5]. In some investigations, the influence 
of elastic property mismatch was incorporated by 
means of the principle of superposition [4-6]. Some 
researchers also proposed that the stress intensity 
factor exhibits a singularity when the tip is at the 
interface; specifically when a crack tip contained in a 
material of smaller modulus approaches an interface 
separating a body of larger modulus, the normalized 
stress-intensity factor decreases to zero [7-9]. 

Numerical calculations have been performed which 
take into account the modification of normalized 
stress-intensity factor near the interfaces. Microcrack- 
ing was introduced by a Vickers diamond-tip indentor 
on a polished surface of silicon nitride-containing 
tungsten carbide which has an extremely high elastic 
modulus and toughness among ceramics. SEM was 
used to examine crack behaviour, and observations 
were compared with the results of numerical analysis. 

2. Numerical  analysis  
2.1. Model  
The numerical model is based on a specimen as shown 
in Fig. 1. The initial crack was assumed to have the 
shape of a half-penny of radius co contained in Mater- 
ial 1, which has the physical properties of borosilicate 
glass (Corning 7570 glass: 75% PbO, 11% A1203, 
11% B203, 3% SiO2). The radius of Material 1 was 
r = 350 tam. The physical properties of Material 2 in 
this model were based on a Corning glass ceramic 
(Macor). K~c of materials 1 and 2 were experimentally 
determined by the double cantilever beam technique. 
Crack growth parameters were determined by dy- 
namic fatigue tests for both materials. The properties 
of concern for numerical analysis are listed in Table I. 
Materials were chosen to give substantial variation in 
elastic modulus and toughness but with similar ther- 
mal expansion coefficients. Stress rates were cal- 
culated for a four-point bend specimen with square 
cross-section dimensions of 5 mm in a Universal test- 
ing machine under fixed loading rates. 

2.2. Energy balance analysis 
In specimens in which the initial crack becomes crit- 
ical (K~ >~ K~c) before the crack reaches the interface, 
the crack begins to propagate rapidly. A true dynamic 
analysis of such a problem is currently unavailable 
because the stress-intensity factor near the interface 
under dynamic conditions is unknown. We therefore 
used the quasistatic analysis proposed by Mott 
[10] and used by Berry [11] and Singh [12]. In the 
use of quasistatic analysis, we assume that the velocity 
reached by a crack is less than 10% of the Rayleigh 
wave speed. 

Energy balance analysis, in which the strain energy, 
the surface energy and the kinetic energy are assumed 
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to be the only forms of energy, was used to estimate 
the arrest crack length, Ca. 

AS K~ reaches K~c, the initial crack begins to propa- 
gate rapidly. After the crack crosses the interface, it 
enters a region of increased resistance. The energy 
balance was carried out for fixed grips condition. The 
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Figure 1 Schematic drawing of the composite model. 
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Figure 2 KILN) versus crack length used in the calculation of static 
and dynamic fatigue curves. 

only forms of energy assumed were strain, surface and 
kinetic energy. As no energy was assumed to be lost to 
the surroundings, the initial energy (when the crack 
just began to propagate rapidly) which consists of 
strain and surface energies is equal to the final energy 
(when the rapidly propagating crack is arrested), 
which also consists of strain and surface energies; that 
is 

U I ( C 1 )  -I- S I ( C 1 )  ~-- Ua (Ca)  -'}- Sa(Ca)  (1) 

in which C1 is the crack length at which KI reached 
K~c~l), Ca is the arrest crack length, Ul,a the corres- 
ponding strain energies, and Sl,a the corresponding 
surface energies. The strain energies consist of two 
terms: one is independent of crack length, which was 
determined using .the beam theory. The other term 
depends on the crack length, which was obtained from 
three-dimensional crack theory. Equation l was 
solved numerically according to Singh [12]. A real 
positive root for Ca indicates crack arrest. If no real 
positive root exists for Ca, according to the quasistatic 
analysis, the crack completely propagates through the 
body. 

In Table II, the initial (at which K~ = K~c(1)) and 
the arrest crack lengths are given for various initial 
crack lengths for a fixed fillet size (r = 350 gm). The 
overshoot length is generally small. With progress- 
ively smaller initial crack lengths, the overshoot be- 
comes progressively larger. When the initial (at which 
K~r = K~(~)) crack length is small enough, failure 
occurs from the initial crack and the effect of the 
interface is not seen by the crack. This phenomenon is 
essential for the toughness of composites. 

The behaviour of a crack near an interface can be 
analysed only i f  the variation of KI(N) with crack 
length is known. Our objective is to evaluate qualitat- 
ively the behaviour of a crack near the interface; there- 
fore, we assume the relationship for K,N) with respect 
to C (crack length) based on Erdogan's work [13, 14]. 
This variation of KI(N) v e r s u s  C is shown in Fig. 2. 
KI(N) is defined as 

KI 
KI(N) --  (2) 

such that for a crack in the shape of a half-penny, 
K~(N) = 1 when the crack tip is far from the interface. 
The variation of K~(N) with crack length has been 
approximated by straight segments to simplify the 
numerical procedure. The relationships for crack velo- 
city versus stress intensity factor for both Materials 
1 and 2 are given by 

g = A1KI  NI (3) 

T A B L E  I Physical properties of Material 1 and 2 used for numerical analysis 

Young's modulus, E Critical stress intensity factor, Thermal expansion coefficient, 
(MN M - 2 )  Kit (MN m -3/2) (10-6 ~ -1) 

Material 1 5.5 x 104 0.64 9 
Material 2 6.5 x 104 1.40 9 
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T A B L E I I The initial (at which K t = K ~r ~ ) ) and the arrest crack 
length for various initial crack lengths for a fixed fillest size 

initial crack radius, Co (larn) Arrest crack radius, C, (gin) 

326 350.3 
308 351 
293 352 
282 353 
273 354 
266 355 
259 356 
253 357 
248 358 
243 359 
238 360 
237 361 

~225 No positive root. Failure 
occurred f fomthe  initial crack 

and 

V = A2K~ ~ (4) 

The stress in Material 1 is given by 

~1 = c~ ( 5 )  

in which c~ is the stress in Material 2, and E1 and 
E 2 a r e  Young's moduli of elasticity for Materials 
1 and 2, respectively. N1 and N2 are the respective 
parameters for slow crack growth. For the variation of 
Ki(y) shown in Fig. 2, K~ for a given stress, cy, is 
expressed 

El 2 
K1 - E2 ~1/2 (YC1/2 KI(N) for C <~ D2 (6) 

2 
Kl - ~ 1 / 2  (yC1/2 KWh) for C >>, Dz (7) 

By definition we have defined K as 

KI = ~ ~ ~C1/2 KIIN) (8a) 

when the crack tip is contained in Material 1, whereas 

2 
KI - /1;1/2 cyC1/2KI(N) (8b) 

when the tip is in Material 2. 
Numerical calculations were conducted to generate 

a curve for dynamic fatigue with Kt(N) v e r s u s  C shown 
in Fig. 2. 

Numerical calculations were performed with Co (in- 
itiation crack)= 90 lam. The instantaneous applied 
stress is cy = dr x t in which dr is the stressing rate and 
t is the cumulative time. The magnitudes of D1 and the 
slopes of the straight segments in the KI(N) plot are 
shown in Fig. 2. 

For a given initial crack size, Co, and a given stress 
rate, dr, cy and K I w e r e  determined using the KI(N) plot 
shown in Fig. 2. Subsequently, the crack velocity and 
the period required for the crack to grow a small 
increment, 0.1 lam, were also determined (At). At the 
end of this step, K~ was calculated for the new crack 
length, Co + AC, and once again the period required 
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for an additional increment AC was determined. This 
procedure was continued until either the K~c~l) was 
reached or the crack reached the interface. 

If K~c ~1~ was reached prior to the crack arriving at 
the interface, the energy-balance analysis given by 
Singh et al. [-12] was conducted. For this analysis, the 
new crack length at which K~ reached K~r is the 
initial crack length C~. Using the energy balance ana- 
lysis, we determined the arrested crack length, Ca, in 
Material 2. 

If no positive root greater than D2 was found, the 
crack did not arrest and failure occurred. Then the 
cumulative period of crack growth from Co to Cz is 
the total failure period; if a real positive root greater 
than O 2 is found, this root gives Ca which is the new 
initial crack length C1. Again the period At required 
for an increment AC = 0.1 lam was determined using 
the v-k characteristics of Material 2. The calculations 
were continued until KI reached Kicc2) at which in- 
stant failure occurred. Fig. 3 is a flow chart of the 
computer program. 

In Fig. 4, the crack velocity is shown as a function 
of the location of the crack tip for two values of the 
stress rate. For these two values, K~ never reached 
Kit (z) and thus the crack grew slowly to the interface. 

Numerical calculations were further carried out to 
determine K~ as a function of the location of the crack 
tip (Fig. 5). Behaviour of three types was again ob- 
served. With the initial crack size, Co = 90 gin, for 
a high loading rate, failure occurred from Material 
1 without crack arrest. For smaller values of the stress 
rate ( 6 ~  0.8 and 2.0 MPas  -1) although K~ reached 
K=~ ~1) in Material 1, the crack arrested just across the 
interface after rapid crack propagation. Subsequently, 
subcritical crack growth occurred in Material 2. For 
an even smaller loading rate (6~0.02 MPas-1) ,  
K~ never reached K ~ I ) ;  the crack approached the 
interface subcritically crossed it and, after subcritical 
crack growth in Material 2, failure occurred. In this 
case also, the crack tip passed a substantial period at 
the interface. However, as the stress continually in- 
creases, K~ for an arrested crack increases even though 
the crack length remains essentially unchanged. This 
effect leads to a discontinuity in the plot of K~ versus 
the location of the crack tip shown in Fig. 5. 

A numerically generated rate curve for strength 
versus stress rate appears in Fig. 6. Region I indicates 
that failure occurred from Material 1, and Region III 
indicates that the crack grew slowly to the interface. 
The strength increases with increasing loading rate in 
both regions. Note that the strength is greater at 
smaller loading rates (Region III), this is opposite to 
what is known in a monolithic material. 

In Region II, in which the initial crack propagated 
rapidly and arrested in Material 2, the strength actu- 
ally decreases with increasing stressing rate over a 
range of loading rates. 

3. Experimental procedure 
In the previous quasistatic analysis, we have shown 
pronounced effects of mismatch of elastic properties 
across an interface on a relatively slowly propagating 
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Figure 3 Flow chart of the computer program used in numerical analysis. 
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microcrack.  In the analysis we assumed the length of 
the interface that separates two materials with differ- 
ent elastic moduli  was infinite in order  to simplify 
calculations. However,  in a real ceramic matrix com- 
posite, the toughening material with large elastic 
modulus  might  be dispersed particles with limited 
interfacial area. Other  than elastic modulus,  thermal 
stress, geometrical  shapes and boundary  phases might 
also be involved and make an exact numerical simula- 
tion difficult. 

A simple, quick experiment was then conducted in 
order  to examine directly the behaviour  of a micro- 
crack as it approaches  an interface from a ceramic 
matrix having relatively small modulus  to a particle 
with a large modulus.  Tungsten carbide, which has 
one of the largest elastic modul i  (620 GPa)  and tough- 
ness (10.8 M P a  m 1/2) a m o n g  ceramics, was chosen for 
the dispersed phase (Material  1) and silicon nitride 
(E = 410 GPa)  for the matrix (Material  2). 
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Figure 7 (a) Crack branching and (b) deflection in a WC/Si3N r 
sample. 

3.1. P rocedu res  
Silicon nitride (Si3N~, H C S T  LC-12-N) yttria (Y203, 
Molycorp  5603) (6 mass %) and alumina (2 mass % 
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A1203, Alcoa 16SG) powders were milled in anhyd- 
rous ethanol with alumina grinding media (ratio of 
ball to charge is 7: 1) for 22 h. Various compositiofis of 
tungsten carbide (WC, Elecmat WC-2, WC-9) (sizes 
2 and 9 pro) were then added to the mill jar and 
milling continued for a further 2h. The slurry was 
dried on a large, preheated plate almost instantly 
to avoid the rapid sedimentation of WC particles. 
Agglomerates were screened through a 200 mesh 
screen, cold isostatic pressed to 15x 103 p.s.i. 
(103 p.s.i. = 6.89 N ram-2),  pressed into bars, buried 
in covering powders and sintered at 1850 ~ for 2 h in 
a nitrogen atmosphere. Theoretical densities of 
92% 99% were obtained. There was no evidence of 
chemical reaction between WC and Si3N4 under our 
experimental conditions. 

Sample surfaces were finely polished to 1 pm before 
a microcrack was introduced by a Vickers diamond- 
tip indentor with a load of 50 kgf. An optical micro- 
scope and SEM were used to examine the whole crack 
propagating path, especially the interfaces between 
WC and Si3N4. 

3.2. O b s e r v a t i o n s  and  d i s c u s s i o n  
Both crack branching and crack deviation were ob- 
served along the crack propagation path (Fig. 7). The 
frequency of branching and deviation were counted 
and plotted against distance from the indentation tip 
based on observations from eight microcracks 
(Fig. 8). While the microcrack began to propagate 
branching appeared to be the major mechanism of 
failure. However, as the crack propagated further from 
the diamond indent, crack deflection became the 
dominant mechanism. Finally, crack tips were either 
arrested by a TiB2 particle or a long 13-silicon nitride 
grain. 

The previous numerical analysis has shown that 
when a microcrack grew from a material with small 
modulus material to a material with large modulus, 
a crack could cause instant failure if k~ reached K~c (1); 
it could also be arrested at the interface if the crack 
was subcritically extended to the interface before it 
reached K~c (1). In other words the crack could either 
cut through Material 2 or be arrested by the interface, 
depending on the instantly released strain energy. 

Similarly, when an indentation crack was intro- 
duced on sample surfaces experimentally, the crack 

could run through secondary phases of greater modu- 
lus (branching) if the instantly released strain energy 
was greater than the energy consumption from newly 
created surfaces. As the crack propagated away from 
the indent, progressively more kinetic energy was 
consumed (the total elastic energy was assumed to be 
constant); cracks were then either deflected (because 
Material 2 is a spherical particle as opposed to an 
infinite inferface in our numerical model) or be arres- 
ted by the secondary phases. 

The previous discussion also indicates that in cases 
in which differences in Young's moduli between two 
phases is not large, effects of a material of large 
modulus might not be substantial for rapid fracture. 
The toughening effects are essential in a fracture 
having slow crack growth such as time-dependent 
static fatigue or dynamic fatigue with a slow rate of 
stress. 

4. C o n c l u s i o n  
Our numerical analysis was based on the assumption 
that when a crack contained in a body of smaller 
Young's modulus approaches an interface separating 
a body of larger modulus, the normalized stress-inten- 
sity factor decreases. The results indicate that the 
crack could either fail from the material of small 
modulus or be arrested by the material of large 
modulus, depending on the instantly released strain 
energy at failure. The strength of a composite speci- 
men was increased when the initial crack was subcrit- 
ically extended to arrest at the interface. 

Microcracking was introduced on a polished 
WC/Si3N4 specimen and fracture behaviour was 
examined along the crack propagation path by means 
of SEM and optical microscopy. Crack branching, 
crack deviation and arrest were observed depending 
on the location of the crack path. Observations were 
compared with the results of the numerical analysis. 
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