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Fracture behaviour of composites based on

AlLO,-TiC

R.P.WAHI,* B. ILSCHNER

University of Erlangen-Niirnberg, Martensstrasse 5, 8520 Erlangen, West Germany

The critical stress intensity factor and other related fracture parameters have been measured
in three-point bending for pure Al,0;-TiC composites containing 4 to 35 volume fractions
of TiC. An increase has been observed for all the parameters with increasing volume
fraction of TiC. Following a study of the mode of fracture, the results are explained in
terms of a linear variation of the fracture energy with the volume fraction of TiC.

1. Introduction

It has been shown [1—11] that alloying of brittle
materials, in particular ceramics, to produce a
two-phase structure may result in considerable
improvement in their fracture toughness. In an
attempt to explain these results theoretically,
Lange [12] and Evans [13] have proposed models
of crack propagation in two-phase brittle materials.
These models envisage the pinning of the crack
front by hard second-phase particles, thereby
causing an improvement in strength as well as in
toughness of the alloys.

Claussen and co-workers [8, 9], on the other
hand, maintain that the increase in toughness in
their materials is associated with microcrack
formation. The various approaches for enhancing
the toughness of ceramics have recently been
reviewed by Evans er al. [14].

The fracture behaviour of coarse-grained
Al,0;-ceramics containing particles of a second
phase (6Al,0; *BaO) has been studied by the
present authors [10, 11]. A good qualitative and
quantitative agreement with the model of Evans
was found. Measurements of the authors on very
fine-grained Al,0; containing precipitates of
Al,05 - MgO, however, did not show any influ-
ence of the second phase [15]. For further investi-
gation of the fracture behaviour of fine-grained
ceramics, the system Al,0;-TiC was chosen.
Fine-grained composites based on this system
possess high wear resistance and as such are used
in industry as tool materials for very high-speed
cutting/grinding of hard materials.

2. Experimental procedure

2.1. Materials

The hot-pressed composites containing 5 to
40 wt % TiC (Table 1) were supplied by Feldmiihle
AG, Plochingen, West Germany. All composites
were produced under uniform conditions of
mixing and hot pressing. For comparison, samples
of hot-pressed Al,0; (W304) fabricated under
identical conditions were also included in the
investigations.

2.2. Microstructure and fracture parameters
The porosity, P, of the composites was calculated
from the measured and theoretical densities,
pg and p, respectively:

P = (pr —pE)loT. 6))

Here pgp is the weighted average of the known
theoretical densities of the two pure components
lor (Al,03) =3.986gcm™  and, pq (TiC) =
492gcm™ [16].]For the microstructural exam-
ination, the specimens were diamond polished,
and the pure alumina specimens were thermally
etched (30min at 1200°C). The TiC particles
could be revealed under an optical microscope
in the as-polished condition. The average size
of the TiC-particles, the Al,0; grains and their
respective distribution characteristics in the single-
phase specimens were determined with the help
of line intercept method [17].

The elastic modulus, £, of the composites was
determined by measuring their resonance fre-
quency, f, in a Forster Elastomat:
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E = (481*n*pg/m*a®) - 2. 2)
Here ! is the length of the specimen, 4 is a specimen
dimension parallel to the vibrations in the specimen
and m is a constant [18]. The accuracy of E-
measurements was * 1%. The technique also
allowed the determination of Poisson’s ratio, v,
whose values for these composites were found to
lie between 0.23 and 0.25.

The fracture parameters, namely, the fracture
strength, og, the critical stress intensity factor,
Kic, the fracture energy v; and the work of
fracture yr were measured on bar-shaped
specimens of rectangular cross-section (2mm X
4mm x 32mm). The specimens were fractured in
three-point bending in a universal testing machine
(Instron). For computing o and K¢ from fracture
load, P, and specimen geometry, the following
well-known relations were used:

op = 3P1/2bw?
Ky = OB\/C - Y(x) C))
n = K&2E) (1 —7). %)

Here [ is the span of the specimen, ¢ the notch-
depth, b and w the breadth and the width of the

3)

specimen respectively, and Y(x) is a correction-

factor which is a function of the relative notch
depth x (x =c/w). For specimens with x =0.3,
the value of Y(x) given in [19] was employed,
whereas for x =0.75 the function suggested in
[20] was used, see also [21].

Measurements of op were carried out (a) on
specimens whose surfaces were ground with a
D30 diamond wheel, and (b) on specimens whose
tension-side was diamond-polished to a finish
of R, =0.8. In both cases a constant cross-head
speed of 100ummin~" and a span of 30 mm were
used. For the measurements of Ky¢ the following
two types of cracks were employed.

(1) A sharp natural crack produced in a separate
controlled fracture experiment. To obtain this,
specimens with a triangular notch [22] were
fractured to the base of the notch in a controlled
manner [23]. The relative notch depth was main-
tained in all cases at 0.75 £ 0.02.

(2) A machine<ut straight edge notch (x =
0.30 2 0.01) produced with a 0.1 mm thick dia-
mond wheel.

In the case of specimens with natural crack, the
catastrophic fracture necessary for a valid deter-
mination of Kjc was realized by using a shorter

span (16mm) and higher crosshead speed
(500 ummin™?). For specimens with machine-cut
notch these parameters were the same as used
for og determination.

vg was calculated from the area under load/
deflection curve obtained in a controlled fracture
experiment [23].

3. Results

All the measured and derived parameters are
shown in Table I. The values of the measured
parameters represent an average of at least five
measurements.

3.1. Microstructure

The measured densities pg of the composites,
shown in Table I, are plotted in Fig. 1a as a
function of the volume fraction, f,, of TiC par-
ticles. The f, values were derived from respective
weight fractions, f,,, and using theoretical densities
of TiC and Al,05. The variation of pg with f, is
in good agreement with that of py with f,. The
calculated porosities of the composites lic between
0.5 and 1.5% (Table I). Some typical micrographs
of the composites are shown in Fig. 2. The Al,03
grains (Fig. 2a) as well as the particles of TiC
(Fig. 2b) show a log-normal distribution (Fig. 3).
The average diameter, D, of the Al,O; grains
measured in W304 is 0.83um and the average
diameter, 2R, of TiC-particles varies from 0.68
to 1.18um. These data show that all the com-
posites are dense and very fine grained. The size
of Al,0; grains in composites (W305-W309)
could not be revealed with sufficient clarity.
However, since all the investigated materials were
fabricated under identical conditions, it can be
assumed that the grain size of Al,0; in the com-
posites is about the same as that in W304.

3.2. Fracture parameters

Variations in E, og, Kic, 71 and yp with f, are
represented in Figs. 1 and 4. All the parameters
show a rising trend with increasing f,. In the
range of f, from 0.0 to 0.35, the relative increases
in E, og (polished specimens), Kic (natural
cracked specimens), y; and yg amount to about
5%, 56%, 38%, 46% and 22%, respectively. op
measured on ground specimens and K¢ measured
on specimens with machine-cut notch, however,
do not show any influence of TiC addition.
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Figure 1 Variation in (a) the density, p, and (b) elastic modulus, E, of composites with the volume fraction, fy,
of TiC.

Figure 2 Microstructure of the composites. (a) A1,0, grains in W304, (b) TiC particles in W307 (f, = 0.17).
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4. Discussion
4.1. Fracture strength
The strength of brittle materials is known [24] to
be markedly influenced by the nature of their
surface preparation. Surface defects introduced
during grinding can drastically reduce the fracture
strength. In the present specimens the lowering of
op in all the composites caused by the grinding-
induced surface defects is obviously large enough
to more than compensate for the smaller increase
due to TiC addition. As a result, the o values do
not show any variation with f,. In contrast to this
behaviour, the influence of TiC addition on og
is clearly brought out when the extrinsic effect
due to surface damage is reduced to a minimum by
polishing the tension side of the bend specimens.
The expressions for og and K¢, according to
Griffith and Irwin, respectively, are:

B 1 ZE'YI 1/2
= Yo (c-(l ~v2)) ©
1/2
K = (ff"’,;) ™

10 2 3 4
Grain/Farticle Size (um)

—1.
5 6

_ K
T w Ve

According to Equation 8, the observed variation
in fracture stress with the volume fraction, f,
of TiC must be due to variations in Ky and flaw-
size, ¢, with f,. Since the total fractional increase
in og (56%) is larger than the total fractional
increase in Ky (38%), a part of the increase in
fracture stress must be done to corresponding
decrease in flaw size with f,. A rough measure of
the .notch depth, c, is given by (Kic/0%) - (n/4).
Fig. 5 shows a plot of the computed values of \/c
as a function of f,. As expected from Figs. 4a to c,
the value of v/c falls with increasing f,,. Dispersion
of TiC particles appear to restrict the size of
inherent flaws in the composites and thereby
further contributes to their strength.

or

@)

4.2. Stress intensity factor

For valid Kjc measurements on ceramics using
notched specimens, it is essential to keep the
notch-root radius (= 1/2 notch width) smaller
than a critical value which is a material parameter

879

Figure 3 Distribution of grain/particle diameter.



1000 Figure 4 Variation in (a) fracture stress, og,
(b) critical stress intensity factor, Kjq, (¢)
fracture energy, vy, and work of fracture,
YF» with fv'
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Figure 5 Variation in the inherent crack size ¢ with f,.

[25, 26]. Use of notches of larger width results
in an over-estimation of Ky which increases with
notch width [26]. In case of finegrained Al,O,
it has been shown [25, 27] that a notch width of
< 0.1 mm is necessary for valid Ky measurement.
Our results on hot-pressed Al,03; (W304) using a
machined notch of 0.1 mm width confirm this.
The measured value of 4.1 MNm™¥? is in good
agreement with Ko value for Al,0; of com-
parable porosity measured in [25], using double
cantilever beam specimens. In case of the com-
posites, however, the critical notch root-radius
appears to be smaller than 0.05 mm employed in
the present investigations. The apparent high
values of Kic (=~ 6 MNm™¥?) measured in all the
composites using notched specimens therefore do
not allow the influence of TiC additions to be seen
(Fig. 4b). However, when the effect of notch
rootradius was eliminated by using specimens
with sharp natural cracks, a small but distinct
influence of TiC addition on K¢ could be detected.

In terms of the model of Evans the expected
increase in Kjc as a function of the parameter
R/d can be computed using Equations 18 and 19
of Evans [13] and taking the K¢ value of Al,0;
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Figure 6 Kyc as a function of R/d.
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to be 4MNm™¥2, The computed values of K¢
corrected for crack interaction at the back of the
particles are shown as a function of R/d in Fig. 6.
For comparison, the measured values of Kyc are
also included in the same diagram. The average
spacing 2d between the particles in the present
composites was calculated from the respective
f, and R values according to. Fullman [28]. It is
evident that the experimentally determined rise
in Ky as a function of R/d is much smaller than
the increase expected in terms of the theoretical
model. Moreover, the fracture surface of the
composites does not show the characteristic
feature expected on the basis of the crack-pinning
model. As a consequence of the bowing of crack
front between the particles of second phase and a
reunion of the two branches of the crack front on
the back side of the particles, wedge-shaped
cleavage steps are expected to form on this side
of the particles. Such steps have been observed
by Lange [1] and by Wahi et al. in Al,03—Ba0
alloys [11]. On the fracture surface of the present
composites, these steps could not be detected.
Instead, an examination of the fracture surface
showed that TiC particles mostly had a trans-
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crystalline fracture. This observation is in agree-
ment with the result of Chermant et al. [29] who
have reported a predominantly transcrystalline
fracture in pure TiC. Some typical fractographs
are shown in Fig. 7. TiC particles with fine cleavage
steps running through the grains are clearly to be
seen. The particles could be identified by means
of EDAX analysis of the fracture surface.

If the crack front cuts through the particles
instead of bypassing them, the average fracture
energy, i, of the composites should, to a first
approximation, lie between the fracture energies
of Al,053 and TiC and vary linearly with the
fraction of the total fracture surface, f;, occupied
by TiC. Now turning to Equation 7, £ has been
found experimentally to vary linearly with f,
(Fig. 1b). If v; were also to be a linear function of
Jv (according to [25] f, =15), the expression for
K% from Equation 7 could be written as follows:

Kic = 2{(E, —E))-f, + E}
x{(va— ) fo + 71}

or  Kic = 2{(AE -y, + Ay Ey)
Xfy+Ey -y +AE-Ay-f2}. (10)

©



Figure 7 Some typical fractographs. (a) W307 (f,, = 0.17), (b) W309 (f;,, = 0.35).

Neglecting the term AE* Ay+ f2 which is small
compared to the rest of the terms, K% can be
approximately written as a linear function of f,:

Kic = 2{(AE -y, + Ay E)) fy + E1 " 1}

(11)
Here AE and Ay are the differences between the
E-values and vy values of Al,O; and TiC, respect-
ively, and E; and v, are the elastic modulus and
fracture energy, respectively, of Al,O;.

Fig. 8 shows a plot of K% as a function of f,.
The experimental points lie fairly close to the
straight line drawn on the basis of least squares fit.
An extrapolation of the straight line to 100% TiC
leads to a K% value of 40.10MN?> m™3 which
corresponds to a Kjc of 6.33MNm™>? for pure

Mai [30] has measured Kic of dense TiC

(employing specimens with natural crack) to be

75MNm 2, In view of the simplifying assump-
tions made in arriving our Equations 11 and the
large extrapolation of the experimental values
involved, a difference of about 15% between the
two values of Ky appears to be small. Two other
independent measurements of Ky on TiC, on the
other hand, report values of 3.8 MNm™¥2 [29]
and 3.9MNm™2 [31] which do not fit in the
above model. The density of TiC in [29], however,
appears to be smaller than that of our materials.
Moreover, the nature of the crack employed in
[29] is not clear. Both these factors can consider-
ably influence the K¢ value. The measurements in
[31] are made on dense TiC using natural crack,
ag in the present work.

60
® Present investigation
'S\ 50 L a Mai [30] -
£ v Chermant etal [29]
N 40p ==
2 -
E— 30+ —— - B
~— -
NS ZO’VL,/‘/'/ ]
X' 4
10} ]
% 10 20 30 40 50 60 70 80 90 100

TiC -content (vol.%)

Figure 8 Variation in K{¢ as a function of f,.
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Let us now consider the possible influence of
microcracks on the fracture behaviour. It has been
shown [32] that microcracks may form in two-
phase brittle materials as a result of different
coefficients of linear thermal expansion, a, of the
matrix and the second phase. The cracks would
form provided the second-phase particles are
larger than a critical size, R, which is inversely
proportional to the square of the difference Aa in
the two « values. In ceramics such as Al,O; con-
taining ZrO, where considerable improvement
in fracture toughness has been achieved through
microcracks [8, 9], the effective value of Aa is
quite large (2.8 x 107°°C™!). This means that
even very small particles of ZrO, (= 1um) are
able to initiate cracks. The toughness can be
improved therefore, through uniformly distributed
fine microcracks. In the present composites, how-
ever, Aa amounts only to 5.6x1076°C™!
[a(A1,05)=8x%x107°C™' and &(TiC)=2.4 x
107 °C™ [16]]. The value of R, for TiC par-
ticles can be calculated using the Equation 12 in
[32]. Assuming the parameter H(up) in the above
equation to be unity and substituting values for
the other parameters from the present investigation
(E for TiC from [31] and the a-values from [16])
one obtains R,=~4um. Thus it appears that
microcracks may not play an important role in
the present composites, since the average size of
the particles is much smalier (0.34 to 0.59 um).
However, unless H(uo) is correctly known (it
is likely to be smaller than unity) the possibility
of a microcrack influence cannot be completely
ruled out.

5. Conclusions

The fracture behaviour of Al,0;—TiC ceramics
containing a wide range of volume fraction of TiC
has been investigated. The study of the dependence
of fracture parameters as a function of the volume
fraction, f,, of TiC has lead to the following
conclusions:

(1) addition of TiC results in a small but
distinct increase in K¢,

(2) the observed increase in Ky, within the
range of investigated composites, shows a good
agreement with the proposed model of linear
dependence of K% on f,,

(3) use of a machined notch of 0.1 mm thick-
ness in three-point bent specimens of the com-
posites results in an overestimating of K¢,

(4) the size of the inherent flaws in the com-
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posites appears to depend on f, — decreasing with
increasing f,. The fracture stress, therefore,
shows a stronger dependence on f, than shown
by Kyc.
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