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Abstract

Dense, high quality textured alumina was fabricated by templated grain with only 0.14 wt% (SiO, + CaO) and 1-15 wt% tabular alumina templates
From stereological measurements, texture fraction was 95% and unaffected by template loading or dopant concentration. Due to the excellent
template alignment during casting, the full-width at half the maximum (FWHM) of the rocking curve was exceptionally low at 4.6°. Samples
with the largest templated grains (1% templated alumina) have much lower strength (300-320 MPa) than those with smaller templated grains
(400-500 MPa). Predominantly transgranular crack paths were observed in fracture surfaces both parallel and perpendicular to the oriented grains.
The fracture toughness was anisotropic with slightly higher toughness perpendicular to the basal surface than parallel the direction grain basal
surface. Surprisingly, the lowest density sample (93%) tested, which started with 15 wt% templates had the highest strength of 511 MPa % 0.45

and highest fracture toughness of 4.58 4- 0.44 MPam'? when measured perpendicular to the basal surface of the grains.
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1. Introduction

Textured alumina is produced by a variety of processing
methods, including high-temperature deformation,'~> magnetic
alignment of grains during green body formation,*> and tem-
plated grain growth (TGG).5"10 Arguably the highest quality
texture in bulk ceramics is achieved by TGG. In TGG process-
ing a subset of template particles is uniformly distributed in a fine
powder and the templates are aligned during forming. After den-
sification, the oriented template grains grow preferentially with
further heating by consuming the non-oriented matrix grains
and, as a result, the final microstructure consists of grains with
an orientation distribution that is determined (or templated) by
the initial placement and alignment of the template particles.

Templates are aligned during TGG processing of alumina
under a doctor blade during tape casting or during uniaxial press-
ing. For successful TGG processing the template particles are
larger than the matrix particles (preferably at least ten times
larger) because the size difference is the driving force for pre-
ferred growth.” The template particles also have a large aspect
ratio because most TGG forming processes use shear stresses
for template alignment. The larger anisomorphic template par-
ticles behave as rigid inclusions and create significant stresses
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during sintering, and subsequently inhibit densification.!!!? In

the alumina system, previous research showed that by doping
with a mixture of CaO and SiO», and thus creating a calcium
aluminosilicate liquid at the grain boundaries during sintering
that relaxes the densification-limiting stresses, full densification
during TGG processing is enabled.®

Beneficial, if contradictory, mechanical behavior is often
observed in alumina with microstructural texture. Prior to the
advent of the templated grain growth approach, Salem et al.
reported toughness increases of 35-40% perpendicular to the
c-axis and R-curve behavior in weakly textured alumina pro-
duced by extrusion.'? Carisey et al. characterized the mechanical
properties in gel-cast textured alumina. While they found no sig-
nificant increase in fracture toughness, they did find a modest
20% increase in flexural strength and a higher Weibull modulus
as well as evidence of indentation crack inhibition normal to
the c-axis.'* Hall et al. also found no increase in baseline frac-
ture toughness in highly textured alumina fabricated by TGG,
though there was evidence of R-curve behavior."> In addition
they observed that, for fracture perpendicular to the c-axis,
low velocity cracks tend to deflect and propagate intragranu-
larly along the texture-plane. At higher velocities (i.e. popped-in
cracks) however, the crack path is transgranular and experiences
no deflection.’® Yoshizawa et al. also observed crack deflection
along the texture-plane and reported an extremely high fracture
toughness (10 MPa m'?) and strength (>800 MPa) for texture
produced by high-temperature deformation of sintered alumina.
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These values are suspect, however, because they also reported
exceptionally high fracture toughness (up to 7.9 MPam'/?) and
strength (up to 790 MPa) for untextured alumina.'®

Despite the beneficial mechanical response demonstrated in
textured alumina, there are no reports in which the microstruc-
ture, texture quality, and mechanical properties are correlated.
This is, in part, due to both the conflicting results of mechanical
testing and the lack of a standard texture quantification tech-
nique. The varying results of mechanical testing are partly a
result of the difficulty in measuring the fracture properties of
highly anisotropic materials. The simplest fracture toughness
test, indentation crack measurements, has fallen out of favor and
cannot be properly applied to highly textured materials because
the crack shape deviates markedly from that assumed in the
model.!” Therefore strength and fracture toughness measure-
ments using standard bend bar specimens is more appropriate.
The indentation-strength technique, which involves the creation
of controlled flaws of various sizes by Vickers indentation on the
tensile surface of fracture mechanics samples, was chosen for
this study.'® Because the crack depth is inferred from the indent
load (as opposed to directly measured), this technique provides
a measure of ‘effective’ fracture toughness. Though this differs
from results obtained by other conventional fracture mechan-
ics techniques (such as precracked and notched beams), it is
potentially more indicative of the true fracture behavior of these
materials. An additional benefit of the indentation-strength tech-
nique is that it provides a measure of R-curve behavior without
the need for in situ crack observation during testing.

Correlations between texture quality and processing
approaches are problematic as a result of the variety of strategies
and X-ray techniques used to quantify texture. Basic compar-
isons of peak heights'® (or use of the Lotgering factor) fail to
describe fundamental aspects of the texture quality such as the
orientation distribution or texture fraction. Therefore we quan-
tify the texture quality by fitting rocking curve or pole figure data
to an appropriate function (i.e. the March—Dollase function).

Anisotropic shrinkage has been observed in TGG systems
due to the presence of the aligned template particles post
sintering,”>?! but the dependence of such anisotropy on tem-
plate loading and dopant content during sintering has yet to be
explored. In this study we examined microstructure and tex-
ture development in alumina with lower dopant concentrations
than previously studied to see how lower dopant concentration
affects mechanical properties and whether we can improve tex-
ture evolution as a result of less matrix coarsening during matrix
densification.® In this paper we present the sintering behavior,
microstructure evolution, texture development, and mechanical
properties of the following low-liquid content textured alumina:
0.14 wt% (CaO + Si0O;) dopant, and 2 wt% (CaO + SiO,) dopant
for template loadings up to 15 wt%. The Si:Caratio is maintained
at 5:1, so that 0.14% dopant corresponds to 200 ppm CaO and
1000 ppm SiO5.

2. Experimental procedure

High purity a-Al,O3 powder with a particle size of ~200 nm
(TM-DAR, purity >99.99%, Taimei Chemical Co. Ltd., Japan)

Fig. 1. SEM micrograph of as-received alumina platelets (Advance Nanotech-
nology Limited, Welshpool, Australia) used as template particles.

was used for the matrix and single crystal alumina platelets
(Advance Nanotechnology Limited, Welshpool, Australia) with
a thickness of ~100nm and a diameter of 3—10 wm were used
as templates (Fig. 1). Magnesium nitrate, calcium nitrate, and
tetraethylorthosilicate (TEOS) were used as dopant precursors.
Menhaden fish oil and 50:50 (wt ratio) ethanol/xylenes were
used as the dispersant and solvent systems, respectively. Alu-
mina powder was dispersed in an ethanol/xylenes and fish
oil solution and ball-milled for 24 h using high-purity alu-
mina milling media. The appropriate dopant precursor was
dissolved in the slurry and precipitated using several drops
of dilute NH4OH. Binder and plasticizers (polyvinyl butyral,
polyalkylene glycol, and benzyl butyl phthalate) were then
added, followed by an additional 24 h milling/mixing step. For
templated tapes, the desired amount of alumina templates was
ultrasonicated in the solvent and dispersant mixture. This tem-
plate suspension was added to the slurry in the last 30 min of
mixing to limit breakage from milling. Following the mixing
step, the slurries were de-aired while stirring until the proper
viscosity was reached. The tapes were cast on mylar at 5 mm/s
and with a blade height of 376 wm. The dried tapes were cut,
stacked, and isostatically laminated at 75 °C and 20 MPa. Binder
pyrolysis was performed in air at 0.25 °C/min to 625 °C.

Most samples were pressureless sintered in air using a
5 °C/min ramp rate. Cross-sections were polished to a 0.25 pm
finish and thermally etched at 100 °C below the sintering tem-
perature to reveal the grain boundaries. Fracture surfaces parallel
to the casting direction were obtained to view the basal faces of
the templated grains. Samples were gold-coated prior to obser-
vation in a scanning electron microscope (SEM) (Philips XL20,
Philips Electronic Instruments Co., Mahweh, NJ).

The directional sintering kinetics were observed experimen-
tally by high-temperature dilatometry at 3 °C/min to 1530 °C
(the maximum temperature of the apparatus) with a 30 min hold.
The total shrinkage was determined by comparing initial and
final sample dimensions. Sintered densities were measured using
quantitative microscopy (pore counting, >3500 points).

Texture quality was measured using the X-ray rocking curve
technique®? and a standard two-circle X-ray diffractometer with
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CuK, radiation (Scintag, Inc., Cupertino, CA). Two separate
scans were collected for each sample. The first scan was a
6-26 scan about one of the preferred orientation maxima of
the alumina basal orientation, in this case the 000-12 max-
imum (26 ~90.7°). The second scan was a “rocking scan”
using the exact 26 position obtained in the first scan. With 26
fixed, the theta scan was collected from 20.35° <0< 70.35° (or
—25° <w <25° where w is the angle between the specimen tilt
and the texture axis). The data was corrected for defocusing and
absorption using TexturePlus.?? The corrected data is fit analyt-
ically to a texture model. For this work we use an axisymmetric
texture model; the March-Dollase function?*:

L5 N\ 32
P(ﬁr’w)=f<rzcoszw+sul]fa)> +A-=f) e

Bend bars were machined for strength and indentation-
strength testing following the guidelines set by ASTM standard
C1161 (with the following exceptions). Samples were sintered
into billets approximately 50 mm x 30 mm x 2 mm. One side
was polished to a 6 wm finish and the other side was ground until
a thickness of 1.5 mm was obtained. Billets were diced into bars
and final ground by hand. The edges on the polished (tensile)
face were chamfered by grinding with a 1200 grit fixed diamond
pad at a 45° angle to mitigate edge cracking. Final bar dimen-
sions were 25 mm X 2 mm X 1.5 mm to within the tolerance set
by the ASTM standard. For indentation-strength specimens, the
tensile face was indented at loads from 0.5 kgf to 20 kgf using
a Vickers indenter. To prevent sub-critical crack growth due to
ambient moisture, a drop of silicone oil was placed on each
indent and the testing was performed within 24 h of indentation.
A semi-articulating SiC 4-point bend apparatus with non-rolling
alumina pins, and inner and outer spans of 10 mm and 20 mm,
respectively was used. Samples were tested at 0.2 mm/min on
a screw-driven Instron universal tester. For each condition, a
minimum of 10 bend bars was used for strength testing. A min-
imum of 3 samples at 4 different indent loads (for a total of 12)
was used to obtain fracture toughness from indentation-strength
measurements.

3. Results
3.1. Densification and microstructure development

The axisymmetric (i.e. fiber) nature of the texture (or, con-
versely, the axisymmetric morphology of grains) results in com
symmetry. The unique direction is the normal of the basal
(000 1) surface of the template particles, henceforth called the
z-direction. The z-direction also corresponds to the thickness
direction of the individual tapes. The direction perpendicular to
the z-axis (or parallel to the basal surfaces) is referred to as the
x—y plane. Therefore, the template particles are aligned within
the x—y plane.

Fig. 2 shows x—y plane shrinkage plotted as a func-
tion of temperature for templated alumina with no dopant
(Fig. 2a), 0.14 wt% (CaO + SiO;) dopant (Fig. 2b), and 2 wt%
(CaO + Si0y) dopant (Fig. 2c), and different template loadings.

Fig. 2. Shrinkage in the x—y plane direction as a function of vol% template
loading and temperature during sintering for alumina with (a) no dopant, (b)
0.14% dopant or (c) 2% dopant. Shrinkage was measured by dilatometry during
sintering at 3 °C/min to 1530 °C. The dashed line is the shrinkage behavior of
non-templated alumina with 1000 ppm MgO.

The (isotropic) densification curve of template-free MgO-doped
alumina is included on all plots for comparison. The maximum
strain rate (émax), normalized maximum strain rate (£9,,,), and
temperature at maximum strain rate (7, ) are plotted in Fig. 3.
For samples with a template loading given by fiemp, the normal-

ized maximum strain is defined as:

Emax(fiemp)
émax(0)

where &max( fremp) i the maximum strain rate of the sample and
€max(0) is the maximum strain rate of a template-free sample
with the same dopant concentration. Thus, &7, is a measure of
the relative effect of template loading on x—y plane shrinkage for
a given dopant concentration.

Total x—y plane shrinkage and the instantaneous x—y plane

strain rate (including épn,x) are both reduced with increasing

2

é&ax(ftemp) =
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Fig. 3. Shrinkage characteristics extracted from the dilatometry data in Fig. 2,
including the temperature at which the strain rate maxima (7max ), the maximum

strain rate (émax), and the normalized maximum strain rate (£7,,, ).

template loading. Template loading, however, has little effect
on Tmax. A plot of the instantaneous x—y plane strain rate
(d((I — 1,)/1,)/dr) vs. time (i.e. the time derivative of Fig. 2) yields
a similar result, showing that the templates simply decrease the
instantaneous strain rate at all temperatures without changing
the shape of the shrinkage curve. Shrinkage in the x—y plane
for 0 vol% and 1 vol% templated alumina are nearly identical,
though &4« decreases by approximately 5%.

As seen in Fig. 3b, there are much higher maximum strain
rates in samples with 2 wt% dopant than those with 0.14% or no
dopant. In addition, Fig. 2 shows that samples with 2 wt% dopant
have greater overall x—y plane shrinkage. Greater x—y plane
shrinkage supports the hypothesis that increasing liquid content
provides a mechanism for the relaxation of the stresses associ-
ated with constraint imposed by the templates on the matrix (the
cause of the reduction in x—y plane shrinkage). The introduction
of 2% dopant (and 0.14% dopant to a lesser extent) appears to
delay the onset of alumina densification as well. This can be seen
most clearly in Fig. 2 by comparing the early (or lower temper-
ature) parts of each curve to that of the MgO-doped material.
This is also in agreement with Fig. 3a, which shows an increase
in Timax When the CaO-SiO; dopant is included.

Interestingly, samples with 0.14% dopant exhibit more grad-
ual x—y plane shrinkage (Fig. 2b) and a lower maximum strain
rate (Fig. 3b) than undoped samples for all template loadings
studied. This is unexpected, since the inclusion of liquid-forming
dopants is expected to enhance densification and the concen-
tration of each dopant is above its solid solubility in alumina
(and, thus, is expected to form an intergranular liquid phase).
It is instructive, however, to consider the effect of dopant con-
centration on &2, (Fig. 3c). This shows that &7  decreases
less rapidly with increasing template loading as more dopant
is included. Here it is apparent that the x—y plane shrinkage of
0.14% dopant samples is less affected by template constraint
compared to dopant-free samples, despite the lower absolute
strain rates. By this same measure, increasing the dopant con-
centration to 2% mitigates the effect of template constraint even
further.

It is evident from Fig. 2 that several samples are not fully
dense at 1530°C. Preliminary experiments showed that sin-

Fig. 4. Sintered density of textured alumina vs. template loading for samples
with no dopant, 0.14% dopant, and 2% dopant after sintering at 5 °C/min to
1550 °C with a 90 min hold.

tered densities approached a maximum for a sintering profile
of 5°C/min to 1550°C with a 90min dwell. The effect of
dopant concentration and template loading on relative den-
sity sintered under these conditions is seen in Fig. 4. Overall
densification behavior is clearly inhibited by template con-
straint, particularly at template loadings greater than 1 vol%.
Template constraint has the most pronounced effect on the
sintered density of undoped samples, which is the only sam-
ple set to exhibit a decrease in density at 1vol% template
loading. There are significant decreases in sintered density of
undoped samples at higher template loadings. Samples with
0.14% dopant show improved densification behavior compared
to undoped samples. In particular, the effect of template con-
straint on sintered density is negligible in CaO-SiO; doped
alumina at 1 vol% template loading and minor at 5 vol% template
loading. It is only at 10vol% and 15vol% template load-
ings that the consequences of template constraint on density
become significant. Samples with 2% dopant exhibit the high-
est densities for all template loadings. In this case template
loadings of up to 5vol% have very little effect on sintered
density.

Macroscopic shrinkage anisotropy was measured for sam-
ples sintered at 1550 °C for 90 min. The total x—y plane and
z-direction sintering strain calculated from the initial and final
dimensions are plotted in Fig. 5. Increasing template load-
ing decreases x—y plane strain and, consequently, increases
z-direction strain. The much greater z-direction strain at a given
template loading demonstrates that the templates constrain den-
sification much less than in the x—y plane. Dopant concentration
has a more significant effect on x—y plane shrinkage than z-
direction shrinkage. While increasing dopant concentration (and
thus liquid content) relaxes the template constraint and allows
for more x—y plane shrinkage, it slightly reduces the z-direction
shrinkage. Alumina with 2% dopant exhibits the least z-direction
shrinkage despite having higher densities. Because the intergran-
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Fig. 5. Total x—y plane and z-direction shrinkage for samples with no dopant,
0.14% dopant, and 2% dopant after sintering at 5 °C/min to 1550°C with a
90 min hold.

ular liquid phase improves the densification of TGG materials
primarily through improvements in the x—y plane shrinkage
behavior, it follows that the intergranular phase alleviates some
of the template constraint that causes the inhibition of x—y plane
shrinkage in the first place.

4. Microstructure development

The effect of dopant concentration on microstructure devel-
opment of non-templated alumina is shown in Fig. 6. All
samples were sintered at 1550 °C for 90 min. In the absence of
CaO + SiO; dopant, the microstructure remains equiaxed with a
grain size of ~4—5 pum. Samples with 0.14% dopant have large,
anisomorphic grains, the result of abnormal grain growth. This
indicates that this is a sufficient concentration of (SiO, + CaO)
dopant to create an intergranular liquid phase at the sinter-
ing temperature. Samples with 2 wt% dopant are comprised of
even larger, anisomorphic grains. The microstructural differ-
ences between samples with 0.14% dopant and 2 wt% dopant
are the result of changes in temperature at which the intergranu-
lar liquid phase appears.?> Microstructural observations at lower
temperatures reveal that abnormal grain growth is initiated at
1450-1550 °C in samples with 0.14% dopant and at <1350 °C
in samples with 2% dopant.?> So, in essence the 2% sample is
overfired when sintered at 1550 °C for 90 min. As noted in ear-
lier papers the conditions leading to abnormal grain growth in a
ceramic are favorable for TGG since the template particles ther-
modynamically initiate preferred growth and subsequent grain
growth in the desired direction. Furthermore, the template load-
ing regulates the extent of growth to the intertemplate distance
in the matrix.

Fig. 6. SEM micrographs showing the microstructures of non-templated Al O3
with no dopant (top), 0.14 wt% (SiO, +CaO) dopant (middle), and 2 wt%
(SiO; + Ca0) dopant (bottom). All samples were sintered at 1550 °C for 90 min.

The microstructures of the textured aluminas sintered at
1550°C for 90 min with no dopant, 0.14% dopant, and 2%
dopant and two different template loadings (1 vol% and 15 vol%)
are shown in Fig. 7. In agreement with Fig. 4, there is an increase
in porosity associated with both increasing template loading and
decreasing liquid-forming dopant concentration. The porosity is
predominately intergranular and is largely situated at the ends of
templated grains. The larger pores are a result of x—y constraint
especially during the sintering before the liquid phase forms
(see Fig. 2). The position of the porosity agrees with model-
ing and observations of Sudre and Lange who showed that a
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Fig. 7. SEM micrographs showing the microstructures of textured alumina with different (SiO, + CaO) dopant concentrations and template loadings.

significant tensile stress occurs between the ends of such sharp
features.'®!! In all cases the templated grains grew substan-
tially from the initial template size. However, in samples with
no dopant the templated grain aspect ratio is lower and there is a
considerable amount of matrix material remaining. The remain-
ing matrix grains have coarsened noticeably and remain during
further heat treatment, indicating that they are stable relative
to the growing templated grains. In samples with 0.14% and
2% dopant, the microstructure consists of high aspect ratio tem-
plated grains and only a few matrix grains. The only macroscopic
difference between the samples with 0.14% and 2% dopant is
density (Fig. 7).

Finally, it appears that a key to obtaining high density,
high texture fraction textured alumina is to maintain a fine
matrix grain size during densification below the liquid phase
temperature. In the current study, undoped alumina (i) experi-
ences considerable matrix coarsening prior to extensive template
growth, reducing the driving force for further template growth,
and (ii) does not have liquid phase to relax template constraint.
Conversely, previous studies show that texturing in materials

with too much liquid phase dopant is limited greatly by matrix
coarsening prior to template growth regardless of the ability to
relieve template constraint stresses.>

5. Texture analysis

The effect of template loading and dopant content on texture
development was evaluated with rocking curves on the samples
shown in Table 1. Texture quality was quantified with f (texture
fraction) and r (orientation parameter) by fitting the rocking
curves to the March-Dollase equation. The full-width at half
the maximum (FWHM) of the rocking curves was also mea-
sured, as this is another descriptor of texture quality that has the
benefit of being insensitive to the function selection and fitting
process. The FWHM measured for 1% templated alumina with
0.14% dopant is exceptionally low (4.6°). A survey of the rele-
vant literature yielded no lower values, indicating that this may
be the highest quality axisymmetric texture obtained in a bulk
polycrystalline ceramic to date. Fig. 8 shows a 26 scan of this
sample as well as a non-templated (i.e. randomly oriented) but
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Table 1
Texture quality including FWHM of the measured rocking curve and calculated
March-Dollase parameters.

Dopant Template FWHM (°) r f(M-D)  f(Ster)
concentration loading

0 1 5.1 0.14  0.57 0.81
0.14% 1 4.6 0.13  0.73 0.98

2 1 5.0 0.13  0.76 0.98
0.14 5 6.1 0.14  0.62 0.95

0 10 6.9 0.17  0.63 0.86
0.14 10 6.2 0.16  0.66 0.98

2 10 6.1 0.16  0.69 0.97
0.14 15 7.7 0.17  0.63 0.96

otherwise identical sample. Note that the intensity axis on the
textured alumina plot is broken and that the low intensity section
has the same scale as the random alumina plot. The 000-6 and
000-12 maxima, essentially non-existent in randomly oriented
alumina, dominate the pattern for the textured sample. The only
orientation of significant intensity in the textured material is the
104 peak.

The rocking curve results in Table 1 indicate that the
orientation parameter () increases with increasing template con-
centration, in agreement with Seabaugh et al.” All of the r values
in this study are lower than those reported by Seabaugh et al.” for
all template loadings (r=0.185 for 1 vol% templated alumina).
However, direct comparison can be misleading due to the higher
aspect ratio templates in our study as well as the different num-
ber of template particles for equal template loadings (due to the
considerable difference in template sizes). Thus, for equal tem-
plate loadings by volume, the number of templates in our study
is approximately 5 times the number of templates in the work
of Seabaugh et al. In addition, the results indicate that texture
fraction decreases, if modestly, with increasing template con-
centration. This does not agree with Seabaugh et al., who showed
significant increases in texture fraction with increasing template
loadings. This can be explained by; (i) the lower number of tem-
plate particles for a given template loading and (ii) the higher

Fig. 8. X-ray diffraction pattern of (a) textured alumina with 0.14% dopant
and 1 vol% template loading and (b) non-templated alumina with 0.14% dopant
sintered at 5 °C/min to 1550 °C with a 90 min hold.

dopant concentration. The first factor increases the growth dis-
tances for full texture (i.e. more matrix to consume per template)
and the second factors results in greater matrix coarsening prior
to and during template growth. The matrix coarsening lowers the
driving force for template growth until, for a given temperature,
template growth essentially ceases and f'is limited.

There is little difference in texture quality for samples with
0.14% and 2% dopant, confirming that 0.14 wt% dopant is
sufficient for the production of well-textured, dense alumina.
Samples with no dopant, on the other hand, exhibit lower texture
fractions, particularly in the case of 1vol% template loading.
This suggests that, template constraint aside, liquid-forming
dopants are necessary during TGG for the purpose of encourag-
ing template growth, as observed in Fig. 7. Since we were able to
obtain high quality texture with minimal dopant concentration
and only a modest decrease in density, the mechanical behavior
of the 0.14 wt% doped alumina material was examined.

It should be noted that the f values obtained in the rocking
curve analysis may be artificially low due to difficulty in fitting
the March—Dollase function to high w data (which determines
the texture fraction). Therefore, texture fraction was also deter-
mined stereologically. Only grains with aspect ratios above 2.5
oriented within 15° of the x—y plane were considered part of
the texture fraction. Trends similar to those obtained by rock-
ing curve fitting are observed in the stereology results (Table 1),
though the overall texture fractions are far higher. Regardless,
these results also indicate that a reduction in liquid-forming
dopant from 2% to 0.14% does not significantly affect texture
quality.

6. Strength and fracture behavior

Flexural strength was studied for textured alumina with
0.14% dopant sintered at 1550 °C for 90 min. Testing was per-
formed in two sample orientations having the same fracture
plane. The first (parallel) orientation had the tensile surface of
the bend bar parallel to the x—y plane and the second (perpen-
dicular) is rotated so that the tensile surface of the bend bar is
perpendicular to x—y plane. Also tested for comparison is a fine-
grained equiaxed MgO-doped alumina. The results are given
in Table 2. The fine-grained equiaxed Al,O3 exhibits strength
(507 £ 45 MPa) comparable to those reported in the literature for
dense fine-grained alumina. Strength in textured alumina, on the
other hand, is highly dependent upon the initial template load-
ing and, consequently, the microstructural features. The weakest
material tested is the 1% templated alumina (305 422 MPa).
Samples with higher template loading are significantly stronger
and have statistically similar strengths (~424 + 23 MPa). Two
potential microstructural causes for this change in strength
behavior are density and grain size. However the largest dif-
ferences in sintered density occur between those samples with
similar strength values. Moreover, increases in density alone are
not commonly associated with decreasing strength.?’ It is more
likely, and indeed commonly found in equiaxed systems, that
strength is reduced with increasing grain size.”3% Consider
that the final templated grain size (assuming template impinge-
ment) is directly determined by the initial template loading and
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Table 2
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Mechanical properties of textured alumina with 0.14% dopant obtained from 4-point bend testing and indentation strength measurements.

Sample Template loading o (MPa) Perp o (MPa) Par K. (MPam'?) Perp K. (MPam'?) Par
Equiaxed - 506 +45 3.33+£0.14

Textured 1 316419 305422 3.09+0.35 3.05+0.23
Textured 5 421438 417423 3.93+0.39 3.03+0.23
Textured 10 384438 420+ 14 3.90+£0.41 3.11+0.21
Textured 15 511+45 436432 4.58 +0.44 2.55+0.31

that the final grain volume is inversely proportional to the num-
ber of template particles. As a result, the grain size in the 1%
templated sample is significantly larger than the grain size of
the higher template loaded samples (see Fig. 7). We should note
that it is not just the grain volume that affects the strength but
more importantly the large pores created by the greater degree
of grain growth. Coarsening of the largest pores will lead to a
larger critical flaw size and, thus, a lower strength. Finally, sam-
ple orientation does not have a strong effect on flexural strength.
This is in agreement with past studies.'>!

The effective fracture toughness was determined by the
indentation-strength method for the same set of samples. Fine-
grained equiaxed alumina was included for comparison. The
data for all sample types show excellent agreement with the
expected p-13 dependence of strength (o), which indicates
a single measurable toughness value and no apparent R-curve
behavior. Effective toughness was calculated from the following

expression'$:

£\ /8
KC=O.52<H> (0, P37 3)

where K, is the effective fracture toughness, E is the elastic
modulus (taken as 393 GPa), H is the hardness of alumina, and
P is the indentation load. Attempts to experimentally determine
hardness values were thwarted by the tendency for the textured
samples to exhibit cracking even at low loads (0.3 kgf). The
fracture toughness reported in Table 2 indicates that, in the
parallel orientation, there is no increase in toughening due to
texturing, in agreement with previous work.!3!4 The effective
toughness of 1vol%, 5vol%, and 10 vol% templated alumina
are similar to each other (3.03-3.11 MPa mm). The 15% tem-

plated samples, however, are much less tough (2.55 MPam!/?).
While individual indent crack depths were difficult to deter-
mine, a brief post-failure survey of the indents shows no
significant dependence of microstructure on crack depth. This
suggests that the lower toughness value is actually a charac-
teristic of the 93% dense samples obtained with 15% alumina
templates and is not an artifact of the indentation process. In
addition, because similar toughness values were obtained for
samples with 1vol% and 5 vol% templates, we conclude that
the low strength of 1 vol% templated samples is likely caused
by the larger flaw size associated with the increase in grain
growth.

Unlike strength, there is a significant effect of orientation
on fracture toughness. Higher toughness is observed in the
perpendicular direction. This toughness anisotropy is not in
agreement with previous studies.'>~!5 Moreover, the toughness
anisotropy increases with template loading. The fracture sur-
faces for textured samples tested in both orientations are shown
in Fig. 9. Mixed fracture paths (intergranular and transgranular)
are observed in both orientations, though transgranular appears
to be more dominant in the parallel orientation (Fig. 9b) than in
the perpendicular orientation (Fig. 9a). The difference in tough-
ness may be associated with the fracture path and how effectively
the differently oriented templated grains can ‘bridge’ the crack.
In the parallel orientation, cracks go through the short dimension
(i.e. the thickness) of the templated grains, making them more
likely to fail prior to effective bridging. As a result, intergranular
fracture is most often observed on just one side of a templated
grain (as arrowed in Fig. 9b). In the perpendicular orientation,
cracks must go through one of the long dimensions (i.e. the
length) of the templated grains. This may make the templated

Fig. 9. SEM micrographs showing the fracture surfaces of differently oriented samples following fracture toughness measurement ((a) perpendicular mode and (b)

parallel mode).
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grains more effective bridges. Instances of intergranular crack-
ing in the perpendicular orientation are commonly observed on
both sides of templated grains (as arrowed in Fig. 9a).
Regardless of microstructure and sample orientation all of the
observed crack paths are macroscopically straight, traveling in a
transverse direction from the indent directly towards the oppo-
site side. This crack morphology is dissimilar from previous
examinations of fracture in alumina with strong morphologi-
cal texture, which show that cracks tend towards parallel with
the basal surfaces.'!3 This is potentially due to a difference in
nature of the grain boundaries (i.e. boundary phases and mis-
orientation stresses) between studies, but there is not enough
information in the literature from which to draw any conclusions.

7. Conclusion

Low-liquid content alumina was textured using the tem-
plated grain growth process. In general, liquid-forming dopants
delayed the densification process to higher temperatures but
allowed for higher densities and improved texture development.
x—y Plane shrinkage behavior was shown to be very sensitive to
the dopant level, particularly in regards to the maximum strain
rate.

Extremely high quality texture was achieved, with r values as
low as 0.13 and FWHM as low as 4.6°. Improvements in texture
quality over previous work are, in part, the results of higher
aspect ratio templates. It was shown that increasing template
loading decreases both the template orientation quality and that
0.14% liquid-forming dopant is a sufficient concentration for
obtaining high quality texture.

The flexural strength and fracture toughness of textured alu-
mina with 0.14% dopant and varying template loading were
measured in 4-point bend testing. Flexural strength is highly
microstructure dependent. Samples with the largest templated
grains (1% templated alumina) have much lower strength
(300-320 MPa) than those with smaller templated grains
(400-500 MPa). Significant fracture toughness anisotropy was
observed, with increasing anisotropy accompanying increasing
template loading. Predominantly transgranular crack paths were
observed in fracture surfaces, which precludes any potential
toughening effects from crack bridging.
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