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Fracture toughness measurements on 
SiC/AI203 composite 
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Three test techniques are addressed for the measurements of plane strain critical stress 
intensity factors, Kjc, on monolithic AIzO 3 and SiC-whisker/AI203 composite: a four-point test 
on chevron-notched bend bars; a four-point test on single edge-notched bend bars; and a 
fractometric test on chevron-notched short bars. The tests were performed on 99.80% AI203 
and 30 vol % SiC whisker-reinforced AI203. Bend bar test techniques yielded more realistic 
stress intensity factors, K~c, on the SiC-whisker/AI203 composite than the short-bar test 
results. Chevron-notched bend-bar tests yielded relatively higher critical stress intensity 
factors, on both AI203 and SiC/AI203, possibly due to R-curve effects, suggesting the use of 
stress intensity factor as a function of crack length instead of using the minimum value. 
Ambiguous results, K~c, obtained from short-bar tests on SiC/AI203 composite, strongly 
suggests the need to run compliance calibration tests on ceramic composites to determine an 
appropriate K-factor. 

1. Introduction 
The plane strain critical stress intensity factor, K~c, is a 
measure of the ability of a material to resist crack 
growth and is an important parameter to be con- 
sidered to make a fracture-safe structure. Hard and 
brittle materials have low fracture toughness, and 
a small crack or damage in such structures can 
markedly reduce their load-bearing capacity. Ceramic 
composites are hard and brittle and, therefore, low- 
toughness materials; their fracture toughness measure- 
ment is exceedingly important for design purposes and 
quality control checks. Dependence of Kic on test 
methods calls for determination of test technique(s) 
that are dependable. 

Numerous experimental techniques exist to meas- 
ure the fracture toughness of ceramic materials. There 
is, however, no standardized test technique for ceram- 
ics and ceramic composites. Some of the commonly 
employed techniques have been reviewed by Sakai 
[1]. The techniques can be divided into microflaw and 
macroflaw methods. Two commonly used microflaw 
techniques are the controlled indentation-produced 
microflaw, and the indentation microfracture tech- 
niques. The macroflaw techniques are: (a) the chevron- 
notched (CHV) [2], (b) the straight-through-notched 
bend bar (SENB) [3], (c) the chevron-notched short- 
rod(SR)/short-bar(SB) [4], (d) the double torsion(DT) 
and the double cantilever beam (DCB) [5], (e) the 
compact tension specimen (CT) [5]. 

The microflaw techniques can be simple and rapid 
means of evaluation of fracture toughness. However, 
the general approach and accuracy of the toughness 
data must be established in certain microflaw tech- 
niques before such applications should be contem- 
plated [6]. The macroflaw techniques often have the 
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advantage of the ease of measurements of crack 
length, or in some instances do not require crack 
length measurements [7-9]. Nevertheless, significant 
variations in the critical stress intensity factors, K~c, 
have been recorded by both the microflaw and the 
macroflaw test techniques at various temperature and 
grain-size regions [10, 11]. Thus the test technique 
dependence of the fracture toughness makes material 
characterization difficult. A simple, cost-effective, and 
at the same time reliable, test technique is now a 
priority consideration for materials qualification for 
optimum utilization of engineering materials. 

Ceramic composites are now considered a major 
material opportunity. Being hard and brittle, reliable 
determination of fracture toughness of ceramic com- 
posites is an intricate issue to the researchers. Silicon 
carbide-reinforced alumina can produce a widely 
applicable range in ceramic composites, but test tech- 
niques comparison for K~c determination has, appar- 
ently, not been made. Attempts are made in this study 
to compare three macroflaw test techniques, namely: 
short-bar(SB), four-point single edge-notched bend- 
bar(SENB), and four-point chevron-notched bend- 
bar(CHV) tests, all under ambient conditions. 

2. Exper imental  procedure 
2.1. Processing and specimen preparation 
The basic raw material used for alumina billets is 
alumina powder (EBON A) of 99.8% purity and SiC 
whiskers (TWS-100) of 99% purity. Manufacturer's 
data for silicon carbide whiskers and alumina powder 
are presented in Tables I and II. A maximum hot- 
pressing temperature of 1475~ and a maximum 
pressure of 2000 p.s.i. (103 p.s.i. = 6.89 Nmm -z) were 
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TABLE I Manufacturer's data for the physical properties of 
silicon carbide whiskers TWS-100 (Tokai Carbon Co.) 

Diameter 0.3 0.6 )am 
Length 10-15 )am 
Density 3.20 g cm- 3 
SiC 99 wt % 
SiO 2 < 0.5 wt % 
Particulate content ( < 50)am) < 1 wt % 
Crystal type Beta 

TABLE II Manufacturer's data for the physical properties of 
A120 3 matrix* used with SiC wh!skers, EBON A (Cercom Inc.) 

Purity 99.8% 
Average diameter 2.2 )am 
Density (min) 3.93 g cm- 3 
Flexural strength 552 MPa 
Compressive strength 2758-3447 MPa 
Modulus of elasticity 3.93 GPa 

used for alumina, while for the composite, the corres- 
ponding temperature of 1755~ and a pressure of 
4500 p.s.i, were employed. In order to ensure material 
uniformity, both short-bar and bend-bar specimens 
were cut and machined from a single 102 m m x  75 mm 
x 14.29 mm billet. Short-bar and bend-bar specimen 

dimensions were selected to be, as close as possible, 
to those of the relative dimensions required in testing 
metallic materials as per ASTME 1304-89 and 
ASTM E 399-83, respectively. 

2.2. Sho r t -ba r  tests 
The short-bar dimension nomenclature, loading con- 
figuration, and relative dimensions of the specimen 
with respect to the breadth, B, are shown in Fig. 1. 
Short bars were tested in a fractometer [12] by load- 
ing the specimens through inflatable bladder called 
flatjack. Standard equations [4, 13] were used to 
calculate stress intensity factors, K~c. 

The following validity checks were made [12]: 
1. specimen size (breadth for the short bar) 

B >~ 1.25 (Kic(sm/yield strength) 2 (1) 

where K~c(sB) is the plane strain critical stress intens- 
ity for the chevron notched short-bar; 

2~ plasticity and residual correction factor, P factor 

- 0 . 0 5  ~< P ~< 0.10 (2) 

3. the crack must not deviate from the intended 
plane by more than 0.04B at the point where the crack 
is approximately 0.33B; 

4. at least two unloadings for smooth crack growth 
materials; 

5. for crack jump materials, crack must arrest in the 
region 

0.80ro ~ r ~< 1.20re (3) 

where r is the slope ratio corresponding to the crack 
arrest and rc is the critical slope ratio (0.55 for the 
short-bar and short-rod geometry); 

6. no obvious pre-existing macroscopic flaws vis- 
ible in the crack plane. 
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2.3. Bend-bar tests  
The specimen configuration and schematic drawing 
of loading are shown in Fig. 2. Both the chevron- 
notched and the straight-through-notched specimens 
were tested by controlled loading in the Instron. The 
specimens were loaded at a uniform rate of 0.02 in/ 
rain-1 to ensure steady crack growth. The load was 
recorded as a function of machine crosshead displace- 
ment autographically. The stress intensity factors, K~c, 
were calculated using the standard equation [7]. 

3. Results and discussion 
Tests on alumina (EBON A) and silicon carbide- 
reinforced alumina were consistent with all linear 
elastic fracture mechanics (LEFM) assumptions. None 
of the short-bar specimens showed crack jump behavi- 
our. Validity checks as per ASTM E 399, were made in 
the bend-bar tests and the maximum loads, P . . . .  were 
used to calculate critical stress intensity factors on the 
assumption that minimum stress intensity coefficient, 
Ym, occurred at the maximum load. In the bend-bar 
tests, the load-displacement curves were initially non- 
linear but then became linear up to maximum load, 
P . . . .  where unstable crack extension occurred. Crack 
extension in the chevron-notched specimens was relat- 
ively smooth except for an occasional discontinuity 
resulting in a "pop-in" step in the load-displacement 
record. The scatter in the data and the standard 
deviations in each group of tests (both on A1203 and 
SiC/A1/O3) were low, indicating uniformity and con- 
sistency of tests in all the groups. Table III presents 
test result averages with corresponding characteristic 
life as predicted by Weibull analysis. 

3.1. Tests on alumina 
The critical stress intensity factors, K~c, obtained from 
the three test techniques appear to be fairly consistent. 
Relative to the short-bar tests, the K~c{cnv ) averaged 
17% higher, while Km(SENm averaged 11.85% lower 
than the average Kic(s m. 

3.2. Tests on SiC/AI203 
The results of the short-bar and the single edge-notch 
bend-bar tests are seen to be in closer proximity than 
the chevron-notched bend-bar tests. The K,c~cnv ) 
of 7.69 M P a m  1/2 is 60.88% higher than Krc(sm and 
49.90% higher than K~c(sENm; while K~c(sEN m of 
5 .09MPam 1/2 is only 6.49% higher than KIC(SB). 

Short-bar tests, however, yielded lower apparent 
toughness, Km~sm, on SiC/AI20 3, than the toughness 
obtained from the tests on monolithic alumina. This 
ambiguity in the results could not be accounted for. 

3.3. Comparison with published test 
results 

A comparison of the measured K~c values for A1203 
and SiC/AI20 3 of this study with those for the similar 
materials of earlier research works is presented in 
Table IV. 
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Figure 1 Short-bar specimen dimensions. B, breadth; W, length = 1.5B ___ 0.010B; H, height = 0.870B __+ 0.005B; a0, initial crack length 
= 0.531B • 0.005B; 0, slot angIe= 55.2 ~ _+ 0.5~ % slo~ thickness - 0.014in; S, grip groove depth = 0.I30B • 0.010B; T, grip groove width 
= 0.313B • 0.005B. 
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Figure 2 Schematic drawing of bend-bar loading configuration. 
(a) Straight edge-notched bar; (b) chevron-notched bar. 

3.4. I. Alumina (EBON A) 
The critical stress intensity factor, KtC(S•NB) , obtained 
from these tests compares most favourably with the 
published results, except with those obtained by 
Barker [16]. The chevron-notched bend-bar stress 
intensity factors, K~ctcHv), are higher than the max- 
imum toughness, K~c, obtained from tests on similar 
polycrystalline materials. The apparent low toughness 
recorded by Barker was attributed to the use of a 
smaller calibration factor than would otherwise be 
required. Subsequently this factor, determined by 

Barker [23], was increased to match fracture tough- 
ness obtained from tests as per ASTM E 399. 

3,4.2. SiC (TWS-IOO)-AI20 3 (EBON A) 
Table IV shows the widely varying critical stress 
intensity factors for the SiC/A120 3 composites. The 
extent to which the materials' physical properties 
differ, is not known. However, the whisker volume 
fraction being same (30%), the referenced test results 
provide a range to check compatibility of the tough- 
ness measuring techniques being analysed. Kazi et al. 

[-20] determined fracture toughness as a function of 
whisker volume fraction; the crack plane orientation 
in his tests is not, however, known. Homney et al. 1-21] 
measured Ktc as a function of composite density, while 
Mangin et al. [22] measured toughness as a function 
of relative crack length. The relatively high fracture 
toughness values recorded by Homney et al. and 
Mangin et al. vindicate K~c~cHv ) obtained in these 
tests. 

The critical stress intensity factor is a function of the 
measuring technique, processing variables, material 
properties, and even the testing speed. The crack 
length and the notch width ratio ~ = a / W ,  also influ- 
ence toughness measurements in the bend-bar tests 
[7, 24]. A review of Mangin et aLs' [22] work on 
SiC/A120 3 and chevron-notched fracture specimens 
by Newman 1-25] indicate the effect of the R-curve on 
fracture toughness. Fig. 3 shows a schematic diagram 
of the trend of rising R-curve effect on the basis of 
Newman's study. The R-curve, being also a function of 
specimen size [26] for stiff materials, calls for the 
determination of minimum specimen size, B, in testing 
chevron-notched specimens. The use of chevron- 
notched specimens with materials that have a rising 
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T A B L E  I I I  K~c averages and characteristic values of K~c 

Short-bar Chevron-Notch Straight-notch 
Kit (MPam ~/2) Klc (MPam 1/2) Klc (MPam 1/2) 

Materials KIC(SB) CL Kictcuv ) CL KIC(SENB) CL 

AI20 3 4.81 4.93 5.63 6.17 4.24 4.27 
SiC-whisker/AlzO 3 4.78 4.85 7.69 7.86 5.09 5.17 

T A B L E  IV Comparison of present Kic of A120 3 and SiC-whisker/A1203 values with previously published results 

Materials This investigation Published results 

K~c Test Kic Reference Test 
(MPa m 1 / 2 )  techniques (MPa m l/z) techniques 

A120 3 4.81 Short bar 4.44 21 [14] Not known 
AI20 3 5.63 Bend bar 4.00 22 [15] Not known 

(CHV) 
A120 3 4.24 Bend bar 3.12 14 [16] Short rod 

(SENB) 
A120 3 - - 3.87 [17] Three-point SENB 
A120 3 - 4.0-4.2 [18] Three-point SENB 
A120 3 - - 3.80 [19] Four-point SENB 
SiC/A1/O3 4.78 Short bar 6.00 [20] Three-point SENB 
(30 % whskr) 
SiC/M20 3 7.63 Bend bar 9.50 [21] Three-point SENB 
(30 % whskr) (CHV) 
SiC/AIzO 3 5.09 Bend bar 8.70 [22] Four-point CHV 
(30 % whskr)x (SENB) 

ax \ 

K1 c " " " - . ~  / cu ,e 

ao Crack length, q 

Figure 3 Schematic diagram of K R curve behaviour. 

R-curve may also require stress intensity factors as a 
function of crack length instead of using only the 
minimum value [25]. The above considerations fur- 
ther validate the K1C(CHV ) results. 

3.4.3. Statistical analysis 
Variations in the results usually obtained from the 
fracture toughness tests, including these tests, necessi- 
tated statistical analysis of test results. Such an ana- 
lysis has been made on the results obtained from the 
SiC/AI203 tests only, as these were the focal point in 
these investigations. 

The analysis of variance [27] and F distribution 
[28] made to check statistical equivalence of either all 
or any combination of two tests, have shown that 
there is no statistical equivalence in any combination 
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of tests. The statistical dissimilarity in test results very 
clearly indicates that each test technique bears no 
relationship to any of the other tests. The statistical 
analysis re-emphasizes the need for test technique 
specification when requiring fracture toughness meas- 
urements. 

4. Conclusions 
Monolithic alumina produced acceptable results from 
both the bend-bar specimen configurations and the 
short-bar tests. Short-bar and straight-notched bend- 
bar (SENB) test results on alumina compare well with 
some published results. Short-bar test results on 
SiC/AI/O3 are not acceptable. Bend-bar tests on chev- 
ron-notched (CHV) specimens may have been biased 
by R-curve effects. Statistical analysis does not indi- 
cate "statistical equivalence" in any combination of 
test techniques employed. From these test results and 
a review of some published results, the following 
conclusions can be drawn. 

1. The three test techniques employed in this invest- 
igation produce comparable results for A120 3. Com- 
pliance calibration tests should be conducted on 
ceramic composite specimens to determine an accept- 
able K-factor for use in short-bar tests. 

2. The use of stress intensity factor as a function 
of crack length is suggested for chevron-notched 
bend-bar tests on SiC/A1203 composite and similar 
ceramics. 

3. Fracture toughness is a test technique dependent 
property. Toughness data on ceramics and ceramic 
composites should also include test technique(s) until 
an accepted standard is available. 
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