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Fatigue and R-curve behavior of an

Al2O3-10vol%Cr3C2 composite
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The static and dynamic fatigue properties of an Al2O3-10 composite were studied. The
R-Curve behavior was determined using the indentation strength in bending (ISB)
technique. Results indicated that both alumina and the Al2O3-Cr3C2 composite exhibit
time-dependent slow crack growth under static fatigue test conditions. In addition, the
resistance for slow crack growth in the Al2O3-Cr3C2 composite is higher than that in
monolithic alumina. The toughness of alumina was substantially increased and R-curve
behavior became evident after the incorporation of Cr3C2 particles.
C© 2002 Kluwer Academic Publishers

1. Introduction
Alumina has been widely used because of its good me-
chanical properties, chemical stability and high temper-
ature characteristics. However, its intrinsic brittleness
and relatively poor reliability have made the toughening
of alumina ceramics essential but challenging. Among
the reported toughening methods, hard particulate rein-
forcement has been found to be an easy, safe, efficient
and economical technique [1–5].

Chromium carbide has been successfully incorpo-
rated into Al2O3 [6–8] and TiB2 [9] for toughening
purpose, owing to its high Young’s modulus and high-
temperature erosion resistance. In addition, the high
electrical conductivity of Cr3C2 has made electrical
discharge machining of alumina composites possible
[10].

The effects of sintering atmosphere, phase stability
and microstructure on the mechanical properties and
crack behaviors of the resulting Al2O3/Cr3C2 compos-
ite have been discussed in earlier studies [5, 11]. In
this paper, the static and dynamic fatigue properties
of an Al2O3-10vol%Cr3C2 composite were examined.
The R-Curve behavior was determined from indenta-
tion strength in bending (ISB) technique.

2. Experimental procedure
2.1. Sample preparation
Alumina powder (Alcoa A16-SG, 0.6 µm) was mixed
with 10 vol% chromium carbide (Herman C. Starck
160, 2 µm) in a polyurethane bottle with high purity
alumina balls and ethanol for 24 h. The ratio of charge
to vehicle to ball was 1 : 5 : 6 by mass. The slurry was
then dried in a rotating vacuum condensor, ground with
an alumina mortar and pestle, and passed through a 100
mesh screen to break up agglomerates.

Injection molding was used to fabricate test samples.
The binders used in this study included paraffin wax

(PW), polypropylene (PP) and steric acid (SA) with a
ratio of 65 : 30 : 5 by mass. Blending and pelletization
were conducted in a two blade mixer (Irie Shokai Co.,
Japan, PN-1H) at 190◦C and 60 rpm.

The barrel temperatures for injection moulding were
in the range of 150–160◦C (from feeder to nozzle). The
injection pressure and rate were 70 MPa and 40 ml s−1

respectively. Samples were first immersed in n-heptane
at 90◦C for 1 h to extract the binders then rinsed in alco-
hol before thermal debinding. Samples were placed on
alumina powder for thermal debinding up to 500◦C in
air, cold isostatically pressed at 100 MPa, then sintered
in a powder bed of the same composition in a graphite
furnace (Centorr/Vacuum Industries, Inc., USA, model
10-2) at 1550◦C for 2 h. The average sintered density
was more than 98.5% of the theoretical density. Some
physical and mechanical properties of the Al2O3 and
the Al2O3-Cr3C2 composite are shown in Table I.

2.2. Static fatigue test
Samples with dimensions of 3 × 4 × 50 mm were pol-
ished to 1 µm finish. An indentation impression was
made on a polished surface using a diamond Vickers
Indenter (AKASHI AVK-A) at 49N for 15 s. Speci-
mens were then annealed at 800◦C for 2 h to relieve the
residual stresses before undergoing a four-point bend-
ing fatigue test. The outer and inner spans used were
40 and 20 mm respectively.

2.3. Dynamic fatigue test
Specimens were prepared in the same way as those used
for the static fatigue test and tested in water. The dy-
namic fatigue test was conducted under various loading
rates, i.e., 0.34, 3.34, 34.4, and 344 MPa/sec. The outer
and inner spans were the same as used in the static
fatigue test.
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T ABL E I Physical and mechanical properties of Al2O3 and
10%Cr3C2-Al2O3 composite

10%Cr3C2-Al2O3

Properties Al2O3 composite

Density (g/cm3) 3.85 4.10
Grain size (µm) 4–6 3–4
Hardness (GPa) 15 16.8
RT flexural strength (MPa) 380 495
Youngs’ modulus (GPa) 360 365
Poisson ratio 0.21 0.24
Fracture toughness (MPa/m−1/2) 4.2 5.1

2.4. R-curve behavior
2.4.1. Indentation strength in bending (ISB)
R-curve behavior was investigated by expressing the
fracture resistance KR as a function of crack extension
(�c) in response to a fractional power:

KR = A(�c)n (1)

where A and n are parameters which could be deter-
mined from the following equations [12, 13]:

log σ = log α + β log P (2)

α = [Aπ1/2(3 + 2n)/8	]

• [4(χ/A)/(1 − 2n)](2n−1)/(2n+3) (3)

β = (2n − 1)/(2n + 3) (4)

c = [Pχ/A]2/(3+2n) (5)

c and σ are crack length and flexural strength respec-
tively at applied indentation load P; 	 is a crack geom-
etry parameter which can be determined from the ra-
tios of crack length to sample dimensions following an
empirical equation derived by Newman and Raju [14],
and χ is a dimensionless constant which is character-
istic of the material and indentor geometry. In general,
the crack extension, �c = c − cN, applies to stressed
crack surfaces, cN being a stress-free notch. The cN is
considered to be zero in the ISB.

A varying flaw size, controlled by Vickers inden-
tation loading (P) from 49 to 490 N, was placed on
the prospective tensile surfaces of the specimens. The
length of surface cracks (c) was measured by optical mi-
croscopy. An universal testing machine (Instron 8511)
was used to produce the loading stress (σ ) required to
rupture a specimen under four-point bending.

Parameters n and A in (1) could be determined from
Equations 2 to 5 according to the relationship between
the crack length, corresponding fracture load and the
applied indentation load [13].

2.4.2. Dummy-indentation method
A modified ISB indentation technique developed by
Cook and Lawn [15, 16] was used to estimate the
R-curve behavior using indentation-produced flaws.
The sample preparation was the same as that of the
ISB method except that three indentations made under
the same applied load were placed in the middle of the

prospective tensile surface prior to bend test. The sur-
face indentations were introduced at 98, 196, 294 and
490 N for 15 sec using a Vickers indentor. Samples
were immediately fractured after indentation to avoid
slow crack propagation. Failure occurs from just one of
the three indentations, leaving intact dummies available
for the measurement of critical crack dimensions. The
stress intensity factor (KR) can therefore be calculated
from the crack subjected to an applied stress (σ ).

KR(cI) = χ P/c3/2
I (6)

KR(cT) = 2	σ (cT/π )1/2 + χ P/c3/2
T (7)

where 	 is a crack geometry parameter as defined in
Equation 3 [14], cI is the initial crack length at a given
indentation load, and cT is the critical crack length de-
termined from the dummies after the bend test. The
parameter χ is a dimensionless indenter-material con-
stant [17–20]. P is the applied indentation load.

3. Results and discussion
3.1. Dynamic fatigue
The strength of Al2O3 and the Al2O3-Cr3C2 compos-
ite were determined as a function of loading rate as
shown in Fig. 1. It is evident that the addition of Cr3C2
to Al2O3 significantly improves the strength. In addi-
tion, the strength of both materials increases with the
stressing rate. The slopes in Fig. 1 can be expressed as
1/(N + 1), where N is the crack-growth velocity expo-
nent [21–23]. The corresponding N -values for Al2O3
and Al2O3-Cr3C2 are calculated to be 47 and 63 respec-
tively. The higher value of N for the Al2O3-Cr3C2 mate-
rial indicates that it has a higher resistance to slow crack
growth than monolithic alumina [24]. Fig. 2 shows a
typical fractured surface of the Al2O3-Cr3C2 composite
after a dynamic test at a stressing rate of 0.34 MPa/s.
There was no obvious difference between the inden-
tation precracked zone and the fast fracture zone. An
intergranular fracture region was observed just outside
the indentation precrack zone, as shown in Fig. 2b.

Figure 1 Dynamic fatigue results of alumina and Al2O3-Cr3C2

composite. Samples were tested at room temperature in water.
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Figure 2 Fracture surfaces of a Al2O3-Cr3C2 composite sample after
testing in dynamic fatigue at a stressing rate of 0.34 MPa/s: (a) precrack
zone (fast fracture zone) and (b) a region away from the precrack zone.

3.2. Static fatigue
The applied stress versus failure time for both Al2O3
and the Al2O3-Cr3C2 composite is shown in Fig. 3. A
correlation between the applied load (σ ), failure time
(t), and slow crack growth parameter (N ) can be ex-
pressed as In σ = A · (ln t)−(1/N ) where A is a constant
[25]. The slow crack growth parameter N can therefore
be calculated from the slopes in Fig. 3. The calculated
N values are 51 and 61 for monolithic alumina and
Al2O3-Cr3C2, respectively. These values are in good
agreement with those of dynamic test results shown in
Fig. 1.

The average slow crack velocity (V ) can be ex-
pressed as a power function of the stress intensity factor
V (KI) = A(KI)N , where A and N are constants depen-
dent on environment and type of material. A Plot of

Figure 3 Static fatigue results of alumina and the Al2O3-Cr3C2

composite. Samples were tested at room temperature in water.

Figure 4 Crack growth velocity versus stress intensity factor.

crack velocity versus stress intensity factor is shown
in Fig. 4. The results suggest that subcritical crack
growth is hindered by the incorporation of Cr3C2 par-
ticulates. Similar observations were reported for Y-TZP
and alumina-toughened Y-TZP materials [26].

3.3. R-curve behavior
3.3.1. Dummy-indentation method
The stress intensity factors for the initial crack length
KR(cI) are calculated from Equation 6, the values being
shown by the solid squares in Fig. 5. Fracture tough-
ness values, determined from dummys indentations,
according to Equation 7 are also plotted in the same
figure (open squares). χ in Equation 7 can be calcu-
lated from the applied load and indentation crack length
[20, 27, 28]. 	 can be calculated from the sample
width and crack depth [14, 29]. An empirical equation
involving the upper-bound and lower-bound fracture
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Figure 5 Rising crack-growth resistance of Al2O3-Cr3C2 composites
determined by the dummy-indentation method.

Figure 6 Variation in fracture strength versus indentation load in Al2O3-
Cr3C2 composites.

toughness at large and small crack length limits was
used to fit the measured R-curves as shown by the solid
line [30].

Results in Fig. 5 indicate a trend of increasing frac-
ture resistance as the crack extends. In addition, an
upper-bound saturation fracture toughness was ob-
tained at large crack lengths. Although there was some
overlap in values, the toughness determined from insta-
ble cracks (open squares) appeared to be greater than
that from the initial cracks at the same crack length
(solid squares). This was probably due to the differences
in tip radius and shape of crack front between the initial
and instable cracks [31].

3.3.2. Indentation strength in bending (ISB)
Plots of flexural strength (σ ) as a function of indenta-
tion load (P) are shown in Fig. 6. The slopes of ini-
tiation crack length versus indentation load can also
be determined. The fracture toughness at various crack
length can therefore be calculated from Equations 1–5
as shown in Fig. 7. The toughness appeared to be con-
stant for the monolithic alumina samples. The tough-

Figure 7 Plots of toughness versus crack length determined by indenta-
tion strength in bending (ISB) method.

ness of alumina increased substantially and R-curve
behavior became quite evident however, after the in-
corporation of Cr3C2 particles.

4. Summary and conclusions
1. The time-dependent slow crack growth occurred in
both alumina and an Al2O3-Cr3C2 composite under
static fatigue test conditions.

2. Results from dynamic and static fatigue tests show
that the resistance to slow crack growth in the Al2O3-
Cr3C2 composite is higher than that in monolithic
alumina.

3. The toughness of alumina was substantially in-
creased and R-curve behavior became evident after the
incorporation of Cr3C2 toughening particles.
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