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Cyclic fatigue properties of high-toughness SiC with additives
of Al2O3 and Y2O3 were examined, with a focus on differences
between long- (>3 mm) and small-crack (<200mm) behavior.
Small cracks were initiated with Vickers indents placed on the
tensile surfaces of beams, and crack extension was monitored
optically under cyclic load. For small cracks, high growth rates
which exhibited a negative dependence on the far-field driving
force were observed. Such behavior was explained by both
indent-induced residual stresses and the relative size of cracks
compared with bridging zone lengths.

I. Introduction

I N THE past decade, one of the problems in liquid-phase-sintered
(LPS) silicon carbide, despite excellent high-temperature prop-

erties, is that the fracture toughness is relatively low (;2–3
MPazm1/2 at room temperature).1 However, silicon carbide with a
fracture toughness above 7 MPazm1/2 was reported recently in the
case of SiC sintered with an oxide liquid phase; for silicon carbide
sintered with aluminum, boron, and carbon, fracture toughness of
above 9 MPazm1/2 was achieved.2–7 It is believed that platelike
grains were formed during heat treatment (due to thea-to-b phase
transformation), and that these (like rocks in concrete) play an
important role in crack bridging.8–11

Despite the fracture toughness increase, it is known that crack
resistance in the long-crack region (.;3 mm) is different from
that in the small-crack region (,;250 mm) in many in situ
toughened ceramics showing a rising resistance curve. It is well
explained that decreasing crack resistance in the small-crack
region results from an undeveloped crack wake zone at the crack
tip. There are few reports showing the relationship between fatigue
crack growth rates and driving force in small- and long-crack
regions.12,13 Therefore, life prediction methods based on long-
crack measurements may be nonconservative. Moreover, it is
pointed out that small-crack growth behavior depends inversely on
the far-field applied driving force below the threshold stress
intensity (Kth). In these cases, the anomalous small-crack growth
rate is due to the limitation of crack tip shielding and to
indent-induced residual stress fields.

The present study is focused on the resistance curve, long- and
small-crack growth properties in silicon carbide with an oxide
liquid phase. Effects of initial crack size on crack growth rates
were investigated in particular.

II. Experimental Procedure

(1) Material Processing
Starting powders were prepared by mixingb-SiC (0.3 mm

diameter) and oxide powders (6 wt% Al2O3 1 4 wt% Y2O3) for
liquid formation at the sintering temperature. Partially transformed
SiC powder was also added (1 wt%) as seed particles to promote
anisotropic grain growth. The method for preparation of seed
particles was described in detail elsewhere.14 Powders were milled
in ethanol with high-purity alumina balls in a polyethylene bottle.
Dried powders were capsulated in graphite foil within a graphite
sleeve and hot-pressed at 1950°C for 3 h under 25 MPa and an Ar
atmosphere. Sintered bodies had densities above 99%, and were
disk-shaped with a 20 mm diameter and 3 mm thickness. To
control grain growth, specimens were placed in a powder bed of
the same composition in a graphite crucible, and heat-treated at
1950°C for 3 h under Ar atmosphere.

(2) Resistance Curve Measurement
Resistance curves for small cracks were measured via the

indentation-strength method developed by Braunet al.15 as fol-
lows. It was conducted on 4-point bend specimens (with nominal
dimensions 3 mm3 3 mm3 20 mm with outer spans of 12.7 mm
and inner spans of 6.4 mm) at 0.06 mm/min crosshead speed.
Before testing, the tensile surface was polished with 1mm
diamond paste. Indentation cracks were formed under loads
ranging from 5 to 100 N using Vickers indents. Each beam was
examined after failure in the SEM to determine whether fracture
originated from the indent cracks. After five tests at each load, data
points were used to get the average value of the fracture strength.
Under the action of an applied stresssA, radial cracks of sizec,
produced at the indentation loadP, extend according to the
equilibrium condition

K9A~c! 5 csAc1/ 2 1 xP/c3/ 2 5 T~c! (1)

where K9A is an effective applied stress-intensity factor,c is a
geometrical coefficient that characterizes the pennylike crack
configuration,x is a coefficient that characterizes the intensity of
the residual field in terms of indentation hardness and Young’s
modulus, andT(c) defines theT-curve for the material. For a given
indent load,P, failure is assumed to occur at the stress where the
applied stress,sA, is equal to the fracture stress,sF, which satisfies
the “tangency condition”

dK9A~c!/dc 5 dT~c!/dc (2)

N. P. Padture—contributing editor

Manuscript No. 188609. Received April 24, 2000; approved October 23, 2000.
Supported by the Korea Science and Engineering Foundation (Grant No. KOSEF

975-0800-008-2) and the U.S. National Science Foundation through the Division of
International Programs (Grant No. NSF-INT-95076S3).

*Member, American Ceramic Society.

J. Am. Ceram. Soc.,84 [3] 551–54 (2001)

551

journal



Accordingly, given an appropriate calibration of the coefficientsc
(50.93) andx (50.084),11 we may generate families ofKA9(c)
curves from thesF(P) data sets. Toughness curvesT(c) may then
be determined as the envelope of these families of curves.

(3) Long-Crack Growth Rates
To observe long-crack growth, half-chevron-shaped starter

notches of;3 mm were made in the disk-shaped compact-tension
(DC(T)) specimens (widthW 5 20 mm, thicknesst 5 2.5 mm)
after polishing one side with 1mm diamond paste. Before data
collection, samples were precracked under cyclic loading for
several millimeters beyond this notch. Specimens were cyclically
loaded at a load ratio (ratio of minimum to maximum stress intensity,
Kmin/Kmax) of R5 0.1 and 0.5 and a frequency of 25 Hz (sine wave)
on a high-resolution, computer-controlled servo-hydraulic test ma-
chine, operating under closed-loop displacement, load, or stress-
intensity control (generally following ASTM Standard E647).
To measure crack growth rates, the applied stress intensity,DK
(5Kmax 2 Kmin), was controlled over a range of growth rates and
fixed load ratios. Here the threshold stress was defined as stress
when the maximum crack growth ratio is,10210 m/cycle. These
techniques have been described extensively elsewhere.11–13

Crack size was determined using the compliance approach by a
350 V strain gauge attached to the back-face of the specimen. A
high-resolution traveling optical microscopy (Questar QM 100,
New Hope, PA) was used to confirm crack lengths, and the
difference between optical and compliance readings was within
2%. From such data, crack growth rate, da/dN, as a function of
both the maximum applied stress intensity,Kmax or DK (5Kmax 2
Kmin), was plotted.

(4) Small-Crack Growth Rate
Small-crack growth rates were measured by observing small

indent-initiated surface cracks on the polished tensile surfaces of
cantilever beams. Sets of indents were made along the long axis,
on the polished side, under the same indent load. The distance
between the centers of the indents was 2 mm to avoid interference
between residual stress fields. Cyclic loading was applied to a
surface crack of;100 mm initial length, until the specimen was
broken or the crack no longer grew. Loading conditions were the
same as long-crack tests (25 Hz sine wave,R 5 0.1). For
monitoring crack growth under cyclic loading, we periodically
paused the machine and measured crack length via optical micros-
copy (3500). On achieving crack growth under constant stress,
crack size was measured every 102 to 104 cycles.

The stress intensity factor,Kmax, due to bending stresses,sA,
was calculated from the linear elastic solution for three-
dimensional surface cracks.16 Crack growth rates were deconvo-
luted from thea (52c) vs N (number of cycles) data for the
indentation cracks, and the measured range of crack growth rates
was 1026 to 10211 m/cycle. Cyclic crack growth rates for surface
cracks were plotted as a function of the maximum stress intensity
factor, Kmax. Contributions to the driving force from indent-
induced residual stress,Krd, were calculated from

Krd 5 x
P

c3/ 2 (3)

Fig. 1. (a) Scanning electron micrograph of liquid-phase-sintered silicon
carbide with alumina and yittria after plasma etching. (b) High-resolution
transmission electron micrograph of the interface with the liquid film. Note
that the thickness of the liquid film around the elongated grain is;0.5–0.8 nm.

Fig. 2. Postindentation fracture strength for both the Hexoloy SA and
6A4Y-SiC is plotted as a function of indentation load. While the 6A4Y-SiC
exhibits enhanced flaw tolerance, the Hexoloy SA follows asm P

21/3

response, indicative of single-valued toughness. The filled data point
represents the nonindented strength.

Fig. 3. ConstructedR-curves from the data in Fig. 2 for both 6A4Y-SiC
and Hexoloy SA (dotted line). The solid curves are plots of the total stress
intensities,Ktot, versus crack size.
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whereP is indentation load,c the half-length of the surface crack size,
andx (50.084) the coefficient of residual contact.11 Therefore, the
total stress intensity at maximum load during cyclic fatigue was

Ktotal 5 Kmax 1 Krd (4)

III. Results and Discussion

(1) Microstructure
The microstructure of 6A4Y-SiC is shown in Fig. 1(a) and

consists of elongated grains (longitudinal axis of 4.4 (61.93)mm
and transverse axis of 1.3 (60.67) mm). Such elongated grains,
together with the low boundary strength and compressive stresses
due to the difference of thermal expansion coefficients, are
believed to be the primary reason for the increase in fracture
toughness through the promotion of grain bridging. High-
resolution TEM studies, shown in Fig. 1(b), revealed that the
thickness of the amorphous grain boundary film varied from 0.5 to
0.8 nm depending on the boundary orientation, consistent with
previous results in other ceramic systems.17–19 The fact that the
boundaries appear atomically flat is an indication that they can
easily slide over each other during the pullout process, which is
critical in the development of risingR-curve behavior.

(2) R-Curve Behavior
Plots of the indentation fracture strength,sf, as a function of

indentation load,P, are shown in Fig. 2 for 6A4Y-SiC (liquid-
phase-sintered SiC with 6 wt% Al2O3 and 4 wt% Y2O3) and
Hexoloy SA (Carborundum, Niagara Falls, NY). The data for the
latter material follow a typicalsf } P21/3 response, indicating a
single-valued toughness or flatR-curve. By comparison, the

degradation in strength with indentation load for 6A4Y-SiC is
much shallower, indicating a more pronounced flaw tolerance with
higher strength retention even with large flaw sizes. The data in
Fig. 2, along with the above calibrated values forx andc, are used
to deconvolute a small-crackR-curve for both the 6A4Y-SiC and
the Hexoloy SA (Fig. 3), following the indentation-strength
K-field analysis of Braunet al. described above.15

Fig. 4. (a) Influence of load ratio,R, on cyclic fatigue-crack growth rates,
da/dN, as measured for long (.3 mm) cracks in the 6A4Y-SiC. In (a) da/dN
is characterized in terms of the applied stress-intensity range,DK, and in (b),
in terms of the maximum applied stress intensity of the loading cycle,Kmax.

Fig. 5. Small-crack data in 6A4Y-SiC showing the variation in surface
crack length, 2c, with number of cycles atR 5 0.1.

Fig. 6. (a) Small-crack growth data in 6A4Y-SiC from cantilever-beam
specimens: (a) as a function of the appliedKmax, compared with corre-
sponding long-crack data derived from DC(T) specimens, (b) as a function
of the total stress intensity (Kmax1 Krd) whereKrd results from the residual
stress surrounding the indent.
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Figure 3 shows the risingR-curve behavior of 6A4Y-SiC; the
solid line represents the stress distribution when fracture takes
place. TheR-curve is obtained by connecting the common tangent
line of stress function, and represented by a thick gray line. In the
case of 6A4Y-SiC, the initiation toughness is;4 MPazm1/2 and
rises to a maximum value of 6.2 MPazm1/2, due to the development
of a crack wake zone. In contrast, Hexoloy SA shows no such
rising R-curve, consistent with its transgranular fracture mode and
consequent lack of wake bridging.

(3) Long- and Small-Crack Growth Behavior
The variation in fatigue-crack growth rates, as a function of the

applied stress intensity, is shown for long (.3 mm) cracks in
6A4Y-SiC in Fig. 4. These results show a marked dependency of
growth rates on the value of the applied stress intensity. The effect
of load ratio can be seen by comparing Figs. 4(a) and (b), where
growth rates are respectively plotted as a function ofDK andKmax.
At a fixedDK, growth rates are accelerated, and the thresholdDKth
reduced, with increasingR (Fig. 4(a)). However, at a fixedKmax
growth rates are slightly decreased with increasingR (Fig. 4(b)),
indicative of the smallDK dependence.

Crack length versus number of cycles data used in determining
the corresponding growth rates of the small (.200 mm) surface
cracks, at various stress levels, is shown in Fig. 5, based on
observations of the tensile surface of the cantilever beams. Of note
is the fact that the growth rates of the small cracks tend generally
to decrease as their size is increasing. Using linear-elastic solu-
tions, such data are plotted to growth rate as a function ofKmaxand
the total stress intensity, incorporating the residual stresses induced
by the indentation,Ktotal (5Kmax 1 Krd), respectively. Similar
behavior has been reported in Mg-PSZ, ABC-SiC, and Al2O3–
SiCw.12,13,20 In general, the small-crack effect results from the
competition of the driving force for crack propagation based on the
applied stresses (which increase with increasing crack length), and
the specific toughening mechanism which inhibits crack propaga-
tion (which also increases with crack length until an equilibrium
bridging zone is formed). In the present study, there is no
significant difference between small- and long-crack data if the
residual stresses,Krd, from the indent are considered (in Fig. 6(b)).
This means that steady-state shielding is probably achieved during
the rapid growth of cracks in the first few loading cycles. An image
of a crack that has grown to nearly 300mm is shown in Fig. 7. The
scatter in the small-crack data in Fig. 6(a) also reflects how the
small crack shows a greater sensitivity to local microstructural
inhomogeneities. As seen in whisker-reinforced composites andin
situ toughened ceramics such as Al2O3–SiCw and ABC–SiC,7,20

such scatter has been considered to be associated with the
interaction of crack tips with local microstructure obstacles of
dimensions comparable with crack sizes.

IV. Conclusions

Based on a study ofR-curve behavior and crack propagation
behavior of both long- (through-thickness) and small- (indent-

initiated) cracks in a liquid-phase-sintered SiC under cyclic loads,
the following conclusions can be drawn:

(1) Rising R-curve behavior is shown ranging from 4 to 6.2
MPazm1/2 and due to a crack bridging mechanism via platelike grains.

(2) The measurements establish that flaws greater than;200
mm in size behave like long through-thickness cracks under cyclic
loads after accounting for indent-induced residual stresses.
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