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ABSTRACT 

Fine-grained and coarse-grained aluminas containing either equiaxed or elongated grain 
structures were fabricated from commercial-purity and high-purity alumina powders. Compared 
to the high-purity aluminas, the commercial-purity aluminas having a coarse grain size and 
elongated grain structures exhibited significantly more pronounced flaw tolerance and T-curve 
behavior. T-curve behavior determined from indentation strength tests suggested that only the 
coarse-grained, elongated-grain alumina had a T-curve sufficient to cause stable crack extension 
prior to failure, a requirement for any observable improvement in reliability. In the high-purity 
aluminas as well as the fine-grained commercial-purity aluminas, however, it is likely that little or 
no stable extension occurs prior failure, suggesting that strength in these materials is dependent 
solely on the critical flaw size. 

Strength tests on polished specimens showed the commercial-purity aluminas had a lower 
mean strength than the high-purity aluminas and the coarse-grained aluminas exhibited a lower 
mean strength compared to the fine-grained aluminas. An analysis of the mean strength versus 
grain size revealed that the differences in the critical flaw size alone could not account for the 
differences in mean strength. Instead, a combination of changes in flaw size as well as T-curve 
behavior were shown to be responsible for the differences in strength and flaw tolerance. T-curve 
behavior was also found to have a profound influence on the strength variability of alumina. For 
example, the Weibull modulus for the coarse-grained, commercial-purity alumina was almost 
twice that of the fine-grained, high-purity material. Tests with indented specimens conclusively 
demonstrated that improvements in reliability in these materials are not due solely to changes in 
the critical flaw size distribution but rather a combination of flaw size distribution and T-curve 
behavior. 

This work was supported in part by Sandia National Laboratories, and under contract of the U.S. 
Department of Energy, Contract Number DE-AC04-94AL85000. 

Exceptional Service in the National Interest 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement. recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

THE EFFECT OF GRAIN SHAPE ON STRENGTH VARIABILITY OF 
ALUMINA CERAMICS 

Michael J. Readey 
Glass and Electronic Ceramics 
Sandia National Laboratories 
Albuquerque, Nh4 87185-0333 

Desiderio Kovar 
Department of Materials Science and Engineering 
Carnegie Mellon University 
Pittsburgh, PA 15213 

INTRODUCTION 

During the past several years, various theories have emerged suggesting that 
ceramics having flaw tolerance’ due to an increasing fracture toughness (R or T-curve 
behavior) will also have an improved reliability, usually defined in terms of variability in 
strength.’” This is an attractive approach to achieving reliable structural components, 
primarily because failure becomes less dependent on the size of either processing or 
in-service generated defects. Thus, defect-free components via expensive cleanroom 
processing are not required, and long-term reliability is ensured due to enhanced damage 
tolerance. 

The link between high reliability and a rising fracture toughness is motivated by the 
encouraging results of transformation-toughened ceramics, namely Mg-PSZ and + 

Ce-TZP?4 In these ceramics, high Weibull moduli are typically observed in ceramics 
having a high fracture toughness, and low Weibull moduli are associated with zirconias 
having a low fracture toughness. Indeed, a systematic investigation on Mg-PSZ by 
Readey and McNamara demonstrated that the Weibull modulus correlates directly with 
enhanced T-curve behavior and flaw tolerance? 

However, results in monolithic, non-transforming ceramics toughened mainly by 
grain bridging have been less promising. For example, Kovar and Readey have shown that 
there is no improvement in reliability in spite of enhanced flaw tolerance in high-purity 
alumina ceramics having controlled grain sizes and equiaxed grain morphologies! This 
same conclusion was also obtained by Rode1 and co-workers on a similar material? 

Many systematic studies involving grain-bridging in alumina ceramics have focused 
on grain size as the critical microstructural feature responsible for the enhanced fracture 

. 



toughness. However, recent experimental evidence on high-purity aluminas doped with a 
small amount of a calcium aluminosilicate glass has suggested that grain shape may in fact 
be more important with respect to grain bridging.* This is not surprising; witness that 
elongated microstructures in silicon nitride ceramics exhibit much higher fracture 
toughnesses than typically achieved in silicon nitride having an equiaxed grain 
morph~logy.~*'~ 

In this study, the strength variability of several aluminas having similar average 
grain sizes but equiaxed or elongated grain morphologies are compared and correlated to 
their flaw tolerance and T-curve behavior. Specifically, we address the issue of whether 
coarse. grain microstructures having elongated grain morphologies result in greater flaw 
tolerance and reduced variability in strength. 

EXPERIMENTAL PROCEDURE 

Processing 

Equiaxed microstructures were fabricated from ultra-high purity alumina powder 
(99.997% purity, AKP-50, Sumitomo Chemical Company). Microstructures containing 
elongated grains were prepared from commercial-purity alumina powder (99.7%, 
A-16SG, ALCOA), the predominant impurities being MgO, N%O, SiO, as well as trace 
quantities of CaO and FeO. Both powders were free of large agglomerates and relatively 
uniform in shape and size with mean particle sizes of 0.3 and 0.5 pm for the AKP-50 and 
A-l6SG, respectively. 

Powder compacts approximately 25 mm in diameter by 3 mm thick were prepared 
by first uniaxially pressing as-received powders in a high-purity graphite die (AF-Grade, 
POCO Graphite Inc.) at compaction pressures between 20 and 28 MPa. These disks were 
then isopressed at 280 MPa to minimize gradients in green density. The green compacts 
were then placed in high-purity alumina crucibles, packed in powder of the same 
composition, and sintered in air to 1600°C for a period of 5 hours. Some specimens were 
then given an additional heat-treatment at 1700°C for 25 hours in order to coarsen the 
microstructure. Heating and cooling rates were typically 5"C/min and 10"C/min, 
respectively. 

Microstructure Characterization 

Density measurements were conducted on all sintered aluminas using Archimedes' 
method with distilled water as the immersion medium. Densities were further corrected 
for the water temperature, and typically had an accuracy of k0.02 g/cm3. Quantitative 
information concerning the microstructure was obtained by first grinding and polishing 
one surface of the disks, followed by a thermal-etch treatment at 1500°C for 15 minutes to 
reveal the grain boundaries. Optical or scanning electron micrographs were then taken of 
representative areas, and the grain boundaries highlighted manually. These highlighted 
images were then digitized using a 300 dpi scanner, and the images converted to black and 
white binary images. The area of individual grains were then measured using a 
commercial image analysis program (Image 1.41, National Institute of Health). The two 
dimensional grain size (diameter) was calculated from the areas assuming spherical grains. 
The aspect ratio of each grain was calculated by fitting an ellipse to each grain and 
calculating the ratio of the major to minor axes. At least 500 grains were measured for 
each heat-treatment condition in order to obtain reliable statistics. 
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MechanicaI Properties 

Strength measurements were made on disk-shaped specimens using a biaxial 
flexure test according to ASTM standards (flat-on-3 balls).” Prior to testing, as-fired 
specimens were ground flat and polished on one side to a mirror-like finish using one 
micron diamond paste. The tensile surface was the polished surface in all cases. The 
specimens were centered on the three support balls, and loaded to failure at a rapid 
loading rate of 20 GPdsec in order to minimize environmentally assisted slow crack 
growth. Strength was then calculated from the maximum load using thin plate theory.” 

The indentation strength in bending (ISB) test was used to assess the flaw 
tolerance of the aluminas, as well to calculate the fracture toughness curves (T-c~rves).’~”~ 
Disk-shaped specimens that were polished on one side were indented with a Vickers 
indentor using loads 2 and 200 N. Immediately following the indentation, a drop of 
silicone oil was placed on the indent to exclude moisture from the indentation cracks. 
Specimens were then fractured as usual. After fracture, all specimens were examined 
using an optical or scanning electron microscope (SEM) to ensure failure originated from 
the indentation. Those specimens that did not fail from indentations were excluded from 
the analysis. 

T-curves were calculated from the ISB data based on the technique of Braun et 
aZ.I4 Details on calibrating the indentation coefficients y! and x are given elsewhere! The 
shape of the crack was determined by observing the fracture surface of indented specimens 
and noting the crack length and depth. Crack shape parameters for elliptical cracks were 
then calculated from the crack length meas~rements.’~ 

The variability in strength was evaluated as a function of microstructure by 
measuring both the indented and unindented strengths of approximately 30 specimens 
from each material. The strength data,were then ranked and each datum assigned a 
probability of failure according to: 

i-0.5 P f = y  

where i is ranking, and N is the total number of specimens tested. For the unindented 
specimens, two parameter Weibull statistics were used to determine the variability in 
strength, using the maximum likelihood estimator technique to calculate the Weibull 
modulus.’6 For the indented specimens, the flaw sizes were normally-distributed, and a 
Gaussian distribution was used to describe the strength distribution. In this case, the 
strength variability was defined by the coefficient of variation by taking the ratio of the 
mean strength to the sample standard deviation. (In this way, the coefficient of variation is 
analogous to the Weibull modulus; it is a direct measure of the breadth of the strength 
distribution.) 

RESULTS 

Microstructure 

Densities for all four aluminas were greater than 98 % of theoretical. Details are 
shown in Table 1. SEM photomicrographs of the microstructures from representative 
sintered specimens that were polished and thermally etched are shown in Figure 1. From 
the micrographs, it is evident that aluminas fired at 1600°C had a significantly finer 
microstructure than those heat-treated at 1700°C. In the case of the high-purity alumina, 
the grains are equiaxed, with a relatively narrow grain size distribution that remains 



self-similar during coarsening. The commercial-purity alumina has a broader grain size 
distribution, with pockets of small grains surrounding larger grains. In addition, many 
grains are tabular or elongated in shape with one or more flat, faceted edges. Previously, 
it has been demonstrated in similar aluminas that flat grain boundaries and tabular grain 
shapes are due to the presence of a traces impurities forming a liquid phase at the grain 
boundaries during sintering, leading to solution-reprecipitation phenomenon that lowers 
the overall grain boundary energy.17 Average grain sizes and aspect ratios are shown in 
Table 1. For the sake of clarification, these aluminas will be referred to as Y'' (fine) or "c" 
(coarse) grained microstructures consisting of "eq" (equiaxed) or "el" (elongated) grain 
morphologies. 

Indentation-Strength 

Strength as a function of indentation load for the high-purity and 
commercial-purity aluminas are shown in Figure 2. The solid lines represent the 
theoretical behavior expected for materials that have a constant fracture toughness'*; the 
natural strength of polished (unindented) specimens is indicated by a hatched box on the 
left hand side of each plot. Comparing the natural strength of the four aluminas, it is 
apparent that strength decreases with increasing grain size for both the commercial-purity 
and high-purity aluminas. Furthermore, the strength at similar mean grain sizes is lower 
for the commercial-purity aluminas than for the high-purity aluminas. These results are 
consistent with the results of previous investigations using similar al~minas.'~ 

The indentation-strength response of the f-eq alumina exhibits classical brittle 
behavior with a slope very close to the theoretical value of -1/3, while the f-el alumina and 
the c-eq alumina both exhibit a slight deviation from -1/3 behavior. In contrast, the c-el 
alumina shows the greatest deviation from Griffith-like behavior with almost no 
dependence of strength on indentation load at small loads, albeit at the expense of a lower 
unindented strength. At large indentation loads, a plateau in the indentation-strength 
response is apparent in both coarse aluminas. This behavior is generally attributed to 
extensive lateral cracking and is not associated with flaw tolerance." 

Strength Variability 

Weibull plots for polished (unindented) specimens are shown for the four aluminas 
in Figure 3. The f-eq alumina has the highest mean strength followed by the c-eq alumina, 
the f-el alumina, and the c-el alumina. The Weibull moduli and characteristic strengths as 
determined using the MLE method along with the confidence limits obtained from the 
parametric bootstrap technique are shown in Table 2. The Weibull moduli vary from 7.8 
and 5.3 for the fine-grained and coarse-grained high-purity aluminas, respectively, to 9.2 
and 14.8 for the fine-grained and coarse-grained commercial-purity aluminas. From the 
confidence limits, a statistical difference in Weibull modulus exists between the c-el 
aluminas and all of the other aluminas and also between the c-eq and the f-el alumina. 
Thus, only the c-el alumina, which exhibits strong flaw tolerance, shows a statistically 
significant higher Weibull modulus. 

Strength Variability from Controlled Flaws 

Strictly speaking, it is not possible to determine if the differences in strength 
variability observed in Figure 3 are due to flaw tolerance or whether they are instead due 
to a narrowing of the critical flaw distribution (Le., because of different powder sources). 



Thus, strength tests were also conducted on specimens containing controlled indentation 
flaws at an indentation load of 100 N; the results are plotted using a probability scale in 
Figure 4. This indentation load was chosen because it was sufficiently large to ensure that 
failure always occurred from the indentation cracks and yet the extent of lateral cracking 
was minimized. 

As expected from the indentation-strength responses of the aluminas, the f-eq 
alumina exhibits the lowest mean strength for indented specimens. The c-eq and f-el 
materials have comparable strengths which are slightly higher, while c-el alumina has the 
highest mean strength. The coefficient of variation, C,, determined for each data set is not 
statistically different among any of the materials; it ranged from 5.7 to 6.7%. Thus, 
although the mean strength increases with flaw tolerance, the strength variability measured 
from controlled, indentation defects does not appear to be sensitive to the microstructure. 
These results imply that the enhanced flaw tolerance in coarse-grained aluminas does not 
directly lead to a reduction in the strength variability of alumina. 

Crack lengths were measured in an attempt to quantify the critical flaw size 
distribution; a summary of the radial crack sizes is shown in Table 3 for each alumina. The 
f-eq had the largest flaw size and exhibited the least variability, with a coefficient of 
variation of 5.0%. Cracks sizes in the other materials were typically smaller, but showed 
an increase in variability; the coefficient of variation ranged from 8.3% to 11.7%. Thus, 
although controlled indentation flaws (at a constant indentation load) were used to initiate 
failure in all of the specimens, the critical flaw size distributions were nut equivalent in 
these materials. Moreover, while the strength variability does not appear to be sensitive to 
the microstructure, the indentation crack lengths are clearly linked to the scale of the 
microstructure; variability in crack size increases with grain size and grain aspect ratio. 
Most significant, however, is the fact that although the variability in the indentation flaw 
sizes increases with grain size and aspect ratio, the strength variability is not affected by 
changes in the critical flaw size distribution for indented specimens. 

T-Curve Behavior 

The indentation-strength technique provides a relatively simple way to determine 
the fracture toughness at very small crack sizes comparable to the scale of the 
microstructure. T-curves determined from the indentation-strength method and lines 
corresponding to the maximum strength (Le., tangent construction) are shown for the four. 
aluminas in Figure 5. The T-curve for the f-eq alumina is almost flat indicating that the 
fracture toughness of this material is nearly constant. The f-el and c-eq aluminas have 
similar T-curves that rise from 3.5 MPa.m'" at a crack length of 50 pm to 4.5-5 MPa.m'" 
after 700 pm of crack extension. The c-el alumina exhibits the most pronounced T-curve 
rising rapidly from a toughness of 2.8 MPa.m'" at 70 pm to more than 5 MPa.m'" at a 
crack length of 700 pm. 

There are a number of important features that are apparent from these T-curves; 
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most notably, increases in T-curve behavior in alumina do not come without penalty. 
Consistent with previous observations in alumina and other grain-bridging ceramics, the 
increase in toughness at long crack lengths comes at the expense of the short-crack 
toughne~s.'~ This is particularly apparent in c-el material where the long-crack toughness 
is highest and the initial toughness is lowest of all of the aluminas. Another important 
point is that even the most pronounced T-curves rise relatively gradually in these 
materials. In fact, the tangency construction predicts stable crack extension from natural 
flaws occurs only for the c-el alumina (Fig. 5). This suggests that, with the exception of 
the c-el alumina, strength is dependent on the initial flaw size. Hence little benefit is 
derived from the T-curve in terms of reducing variability in strength. 



DISCUSSION 

Flaw ToIerance 

The experimental results indicate that both grain size and grain shape play a role in 
determining the fracture behavior of alumina. Increasing the mean grain size only 
modestly increases the flaw tolerance and T-curve behavior of high-purity alumina having 
equiaxed grain morphologies. In contrast, the coarse-grained commercial-purity aluminas 
having elongated grain morphologies exhibited much stronger flaw tolerance. Such 
improved flaw tolerance results from a combination factors. For one, the elongated grain 
morphology results in a high fraction of large grains which can act as effective bridges. 
Second, the crack paths in the commercial-purity aluminas tended to be much more 
tortuous. Evidently the minor impurities present in the commercial-purity alumina 
powders promote intergranular fracture necessary for strong grain bridging. Thus, it 
appears it is the combination of weaker boundaries and large, elongated grains that are 
responsible for the improvement in flaw tolerance in the aluminas used in this study. For 
example, it was shown that neither large grains (c-eq alumina) nor an elongated grain 
morphology (f-el) by themselves lead to improvements in flaw tolerance. Strong flaw 
tolerance in the c-el alumina results due to the presence large, elongated grains and equally 
important, weak grain boundaries which are needed to generate a tortuous crack path 
necessary to get strong mechanical interlocking of the bridges. 

Strength Variability 

Weibull plots for polished specimens from Figure 3 indicate that, in general, 
strength variability decreases with increasing flaw tolerance, provided the T-curve 
responsible for the flaw tolerance is considerable. Similar results were found by Ting et 
al. for a series of alumina ceramics where the highest Weibull modulus was obtained for a 
material with a broad grain size distribution and an elongated grain shape while the 
poorest reliability was obtained for an equiaxed alumina with a narrow grain size 
distribution." In addition, Hoffman and Petzow both found similar results for silicon 
nitride." Ting et al. argued that the improvement in reliability in materials with increased 
heterogeneity in the microstructure was due a narrowing in the critical flaw size 
distribution. They suggested that in materials that have a narrow grain size distribution, 
the presence of a few large grains in only some of the specimens results in a large scatter 
in strength because the strength is controlled by these large grains. In contrast, materials 
with heterogeneous microstructures contain a more uniform dispersion of large grains and 
therefore, these materials exhibit less variability in strength. On the other hand, Hoffman 
and Petzow argued that it is T-curve behavior rather than a narrowing in the initial flaw 
size that is responsible for the improvement in reliability in silicon nitride ceramics." 
Evaluating whether it is T-curve behavior or changes in the critical flaw size distribution 
that leads to improvements in reliability involves quantifying the critical flaw size 
distribution, which is experimentally difficult, particularly in coarse-grained ceramics. 

Introducing controlled critical flaws through the use of indentations allows one to 
isolate the influence of flaw size on strength variability. In our tests, strength tests on 
specimens indented at an indentation load of 100 N revealed that there was essentially no 
difference in the variability in strength in aluminas with vastly different microstructures. 
However, measurements of the distribution in critical crack sizes, showed that distribution 
in the size of the cracks varied greatly depending on the material. Cracks in the 
coarse-grained elongated alumina had more than twice the variability compared to the 
fine-grained, equiaxed alumina, yet no difference in strength variability was detected. This 
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suggests that narrowing of the critical crack sizes distribution by itself cannot account for 
the improvement reliability measured in coarse-grained ceramics such as the c-el alumina 
in this study. This suggests that a combination of a narrow flaw population and strong 
T-curve is necessary for improved reliability in ceramics toughened by grain bridging. 

CONCLUSIONS 

Fine-grained and coarse-grained aluminas containing either equiaxed or elongated 
grain structures were fabricated from commercial-purity and high-purity alumina powders. 
Compared to the high-purity aluminas, the commercial-purity aluminas having a coarse 
grain size and elongated grain structures exhibited significantly more pronounced flaw 
tolerance and T-curve behavior. Thus, microstructural features other than just mean grain 
size were found to be important in determining the fracture properties of alumina. 
T-curve behavior determined from indentation strength tests suggested that only the 
coarse-grained, elongated-grain alumina had a T-curve sufficient to cause stable crack 
extension prior to failure, a requirement for any observable improvement in reliability. In 
the high-purity aluminas as well as the fine-grained commercial-purity aluminas, however, 
it is likely that little or no stable extension occurs prior failure. Thus strength in these 
materials is dependent solely on the critical flaw size. 

Strength tests on polished specimens showed the commercial-purity aluminas had a 
lower mean strength than the high-purity aluminas and the coarse-grained aluminas 
exhibited a lower mean strength compared to the fine-grained aluminas. An analysis of the 
mean strength versus grain size revealed that the differences in the critical flaw size alone 
could not account for the differences in mean strength. Instead, a combination of changes 
in flaw size as well as T-curve behavior were shown to be responsible for the differences 
in strength and flaw tolerance. T-curve behavior was also found to have a profound 
influence on the strength variability of alumina. For example, the Weibull modulus for the 
coarse-grained, commercial-purity alumina was almost twice that of the fine-grained, 
high-purity material. Tests with indented specimens conclusively demonstrated that 
improvements in reliability in these materials are not due solely to changes in the critical 
flaw size distribution but rather a combination of flaw size distribution and T-curve 
behavior. 
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Table 1. Physical properties of alumina ceramics. 

Density Grain Aspect 
Alumina Heat-Treatment (g/cm3) Size (pm) Ratio 

High-Purity * 
High-Purity * 

1600°C/5h 
160OoC/5h + 
170O0C/25h 

3.91 
3.93 

5.0 f 2.6 
10.2 f 4.9 

1.5 
1.5 

1 60OoC/5h 3.93 4.0 +- 3.9 2.1 Commercial- 

Commercial- 160OoC/5h + 3.91 12.8 -I 11.4 2 
Purity** 

Purity** 1 70OoC/25h 

* AKP-50,99.997% purity, Sumitomo Chemical Company. 
""AlG-SG, 99.7% purity, AJXOA 

Table 2. Characteristic strengths, Weibull moduli including 90% confidence limits (m5 
and nb,) for the four aluminas. Note that only the c-el shows any statistically significant 
reduction in strength variability. 

Alumina 0 0  (MPa) m m, m s 5  

f-eq 507 7.8 6.1 10.5 
c-eq 369 5.3 4.2 7.1 

f-el 346 9.2 7.4 11.9 
c-el 243 14.8 12.1 19.8 



Table 3. A comparison of the indentation crack lengths generated from a 100 N Vickers 
indentation. Note that the f-eq alumina exhibits significantly less variability in crack length 
relative to the other aluminas. 

Alumina Crack Length (pm) Coefficient of Variation (%) 

f-eq 221 +- 11 5 
c-eq 182 -c 21 11.7 

f-el 
c-el 

181 +- 15 
192 f 22 

8.3 
11.6 



Figure 1. SEM micrographs showing the (a) high-purity alumina (b) commercial-purity aluminas 
sintered at 1600°C/5h. 
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Fiyre 2. Strength as a function of indentation load (log-log scale) for the f-eq (a), c-eq (b), f-el (c), and 
c-el (d) alumina. See text for details. 
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Figure 3. WeibuIl plot for polished specimens for the four aluminas. Although the high-purity, equiaxed 
aluminas have a higher average strength, the commercial-purity, elongated microstructure show the 
higher reliability. 
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Figure 4. Strength variability for specimens that failed from 100 N Vickers indentations plotted using a 
probability scale. The fine-grain aluminas have a lower mean strength but the variability in  strength is 
similar in all of the materials. 
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Figure 5. Toughness cuwes calculated from the indentation-strength data. Only the c-el alumina (d) 
exhibits pronounced T-curve behavior. 
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