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bstract

ense, high quality textured alumina was fabricated by templated grain with only 0.14 wt% (SiO2 + CaO) and 1–15 wt% tabular alumina templates
rom stereological measurements, texture fraction was 95% and unaffected by template loading or dopant concentration. Due to the excellent

emplate alignment during casting, the full-width at half the maximum (FWHM) of the rocking curve was exceptionally low at 4.6◦. Samples
ith 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.
he fracture toughness was anisotropic with slightly higher toughness perpendicular to the basal surface than parallel the direction grain basal
urface. Surprisingly, the lowest density sample (93%) tested, which started with 15 wt% templates had the highest strength of 511 MPa ± 0.45
nd highest fracture toughness of 4.58 ± 0.44 MPa m1/2 when measured perpendicular to the basal surface of the grains.
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. Introduction

Textured alumina is produced by a variety of processing
ethods, including high-temperature deformation,1–3 magnetic

lignment of grains during green body formation,4,5 and tem-
lated grain growth (TGG).6–10 Arguably the highest quality
exture in bulk ceramics is achieved by TGG. In TGG process-
ng a subset of template particles is uniformly distributed in a fine
owder and the templates are aligned during forming. After den-
ification, the oriented template grains grow preferentially with
urther heating by consuming the non-oriented matrix grains
nd, as a result, the final microstructure consists of grains with
n orientation distribution that is determined (or templated) by
he initial placement and alignment of the template particles.

Templates are aligned during TGG processing of alumina
nder a doctor blade during tape casting or during uniaxial press-
ng. For successful TGG processing the template particles are
arger than the matrix particles (preferably at least ten times
arger) because the size difference is the driving force for pre-
erred growth.9 The template particles also have a large aspect

atio because most TGG forming processes use shear stresses
or template alignment. The larger anisomorphic template par-
icles behave as rigid inclusions and create significant stresses

∗ Corresponding author.
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uring sintering, and subsequently inhibit densification.11,12 In
he alumina system, previous research showed that by doping
ith a mixture of CaO and SiO2, and thus creating a calcium

luminosilicate liquid at the grain boundaries during sintering
hat relaxes the densification-limiting stresses, full densification
uring TGG processing is enabled.6

Beneficial, if contradictory, mechanical behavior is often
bserved in alumina with microstructural texture. Prior to the
dvent of the templated grain growth approach, Salem et al.
eported toughness increases of 35–40% perpendicular to the
-axis and R-curve behavior in weakly textured alumina pro-
uced by extrusion.13 Carisey et al. characterized the mechanical
roperties in gel-cast textured alumina. While they found no sig-
ificant increase in fracture toughness, they did find a modest
0% increase in flexural strength and a higher Weibull modulus
s well as evidence of indentation crack inhibition normal to
he c-axis.14 Hall et al. also found no increase in baseline frac-
ure toughness in highly textured alumina fabricated by TGG,
hough there was evidence of R-curve behavior.15 In addition
hey observed that, for fracture perpendicular to the c-axis,
ow velocity cracks tend to deflect and propagate intragranu-
arly along the texture-plane. At higher velocities (i.e. popped-in
racks) however, the crack path is transgranular and experiences

o deflection.15 Yoshizawa et al. also observed crack deflection
long the texture-plane and reported an extremely high fracture
oughness (10 MPa m1/2) and strength (>800 MPa) for texture
roduced by high-temperature deformation of sintered alumina.

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.009
mailto:robert.pavlacka@arl.army.mil
mailto:messing@ems.psu.edu
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hese values are suspect, however, because they also reported
xceptionally high fracture toughness (up to 7.9 MPa m1/2) and
trength (up to 790 MPa) for untextured alumina.16

Despite the beneficial mechanical response demonstrated in
extured alumina, there are no reports in which the microstruc-
ure, texture quality, and mechanical properties are correlated.
his is, in part, due to both the conflicting results of mechanical

esting and the lack of a standard texture quantification tech-
ique. The varying results of mechanical testing are partly a
esult of the difficulty in measuring the fracture properties of
ighly anisotropic materials. The simplest fracture toughness
est, indentation crack measurements, has fallen out of favor and
annot be properly applied to highly textured materials because
he crack shape deviates markedly from that assumed in the

odel.17 Therefore strength and fracture toughness measure-
ents using standard bend bar specimens is more appropriate.
he indentation-strength technique, which involves the creation
f controlled flaws of various sizes by Vickers indentation on the
ensile surface of fracture mechanics samples, was chosen for
his study.18 Because the crack depth is inferred from the indent
oad (as opposed to directly measured), this technique provides
measure of ‘effective’ fracture toughness. Though this differs

rom results obtained by other conventional fracture mechan-
cs techniques (such as precracked and notched beams), it is
otentially more indicative of the true fracture behavior of these
aterials. An additional benefit of the indentation-strength tech-

ique is that it provides a measure of R-curve behavior without
he need for in situ crack observation during testing.

Correlations between texture quality and processing
pproaches are problematic as a result of the variety of strategies
nd X-ray techniques used to quantify texture. Basic compar-
sons of peak heights19 (or use of the Lotgering factor) fail to
escribe fundamental aspects of the texture quality such as the
rientation distribution or texture fraction. Therefore we quan-
ify the texture quality by fitting rocking curve or pole figure data
o an appropriate function (i.e. the March–Dollase function).

Anisotropic shrinkage has been observed in TGG systems
ue to the presence of the aligned template particles post
intering,20,21 but the dependence of such anisotropy on tem-
late loading and dopant content during sintering has yet to be
xplored. In this study we examined microstructure and tex-
ure development in alumina with lower dopant concentrations
han previously studied to see how lower dopant concentration
ffects mechanical properties and whether we can improve tex-
ure evolution as a result of less matrix coarsening during matrix
ensification.6 In this paper we present the sintering behavior,
icrostructure evolution, texture development, and mechanical

roperties of the following low-liquid content textured alumina:
.14 wt% (CaO + SiO2) dopant, and 2 wt% (CaO + SiO2) dopant
or template loadings up to 15 wt%. The Si:Ca ratio is maintained
t 5:1, so that 0.14% dopant corresponds to 200 ppm CaO and
000 ppm SiO2.
. Experimental procedure

High purity �-Al2O3 powder with a particle size of ∼200 nm
TM-DAR, purity >99.99%, Taimei Chemical Co. Ltd., Japan)

fi
q

t

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

as used for the matrix and single crystal alumina platelets
Advance Nanotechnology Limited, Welshpool, Australia) with
thickness of ∼100 nm and a diameter of 3–10 �m were used

s templates (Fig. 1). Magnesium nitrate, calcium nitrate, and
etraethylorthosilicate (TEOS) were used as dopant precursors.

enhaden fish oil and 50:50 (wt ratio) ethanol/xylenes were
sed as the dispersant and solvent systems, respectively. Alu-
ina powder was dispersed in an ethanol/xylenes and fish

il solution and ball-milled for 24 h using high-purity alu-
ina milling media. The appropriate dopant precursor was

issolved in the slurry and precipitated using several drops
f dilute NH4OH. Binder and plasticizers (polyvinyl butyral,
olyalkylene glycol, and benzyl butyl phthalate) were then
dded, followed by an additional 24 h milling/mixing step. For
emplated tapes, the desired amount of alumina templates was
ltrasonicated in the solvent and dispersant mixture. This tem-
late suspension was added to the slurry in the last 30 min of
ixing to limit breakage from milling. Following the mixing

tep, the slurries were de-aired while stirring until the proper
iscosity was reached. The tapes were cast on mylar at 5 mm/s
nd with a blade height of 376 �m. The dried tapes were cut,
tacked, and isostatically laminated at 75 ◦C and 20 MPa. Binder
yrolysis was performed in air at 0.25 ◦C/min to 625 ◦C.

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

The directional sintering kinetics were observed experimen-
ally by high-temperature dilatometry at 3 ◦C/min to 1530 ◦C
the maximum temperature of the apparatus) with a 30 min hold.
he total shrinkage was determined by comparing initial and
nal sample dimensions. Sintered densities were measured using

uantitative microscopy (pore counting, >3500 points).

Texture quality was measured using the X-ray rocking curve
echnique22 and a standard two-circle X-ray diffractometer with
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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)
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uK� radiation (Scintag, Inc., Cupertino, CA). Two separate
cans were collected for each sample. The first scan was a
–2θ scan about one of the preferred orientation maxima of
he alumina basal orientation, in this case the 000·12 max-
mum (2θ ∼ 90.7◦). The second scan was a “rocking scan”
sing the exact 2θ position obtained in the first scan. With 2θ

xed, the theta scan was collected from 20.35◦ < θ < 70.35◦ (or
25◦ < ω < 25◦ where ω is the angle between the specimen tilt

nd the texture axis). The data was corrected for defocusing and
bsorption using TexturePlus.23 The corrected data is fit analyt-
cally to a texture model. For this work we use an axisymmetric
exture model; the March–Dollase function24:

(f, r, ω) = f

(
r2 cos2 ω + sin2 ω

r

)3/2

+ (1 − f ) (1)

Bend bars were machined for strength and indentation-
trength testing following the guidelines set by ASTM standard
1161 (with the following exceptions). Samples were sintered

nto billets approximately 50 mm × 30 mm × 2 mm. One side
as polished to a 6 �m finish and the other side was ground until
thickness of 1.5 mm was obtained. Billets were diced into bars
nd final ground by hand. The edges on the polished (tensile)
ace were chamfered by grinding with a 1200 grit fixed diamond
ad at a 45◦ angle to mitigate edge cracking. Final bar dimen-
ions were 25 mm × 2 mm × 1.5 mm to within the tolerance set
y the ASTM standard. For indentation-strength specimens, the
ensile face was indented at loads from 0.5 kgf to 20 kgf using
Vickers indenter. To prevent sub-critical crack growth due to

mbient moisture, a drop of silicone oil was placed on each
ndent and the testing was performed within 24 h of indentation.

semi-articulating SiC 4-point bend apparatus with non-rolling
lumina pins, and inner and outer spans of 10 mm and 20 mm,
espectively was used. Samples were tested at 0.2 mm/min on
screw-driven Instron universal tester. For each condition, a
inimum of 10 bend bars was used for strength testing. A min-

mum of 3 samples at 4 different indent loads (for a total of 12)
as used to obtain fracture toughness from indentation-strength
easurements.

. Results

.1. Densification and microstructure development

The axisymmetric (i.e. fiber) nature of the texture (or, con-
ersely, the axisymmetric morphology of grains) results in ∞m
ymmetry. The unique direction is the normal of the basal
0 0 0 1) surface of the template particles, henceforth called the
-direction. The z-direction also corresponds to the thickness
irection of the individual tapes. The direction perpendicular to
he z-axis (or parallel to the basal surfaces) is referred to as the
–y plane. Therefore, the template particles are aligned within
he x–y plane.
Fig. 2 shows x–y plane shrinkage plotted as a func-
ion of temperature for templated alumina with no dopant
Fig. 2a), 0.14 wt% (CaO + SiO2) dopant (Fig. 2b), and 2 wt%
CaO + SiO2) dopant (Fig. 2c), and different template loadings.

t
a

s

.14% dopant or (c) 2% dopant. Shrinkage was measured by dilatometry during
intering at 3 ◦C/min to 1530 ◦C. The dashed line is the shrinkage behavior of
on-templated alumina with 1000 ppm MgO.

he (isotropic) densification curve of template-free MgO-doped
lumina is included on all plots for comparison. The maximum
train rate (ε̇max), normalized maximum strain rate (ε̇o

max), and
emperature at maximum strain rate (Tmax) are plotted in Fig. 3.
or samples with a template loading given by ftemp, the normal-

zed maximum strain is defined as:

˙o
max(ftemp) = ε̇max(ftemp)

ε̇max(0)
(2)

here ε̇max(ftemp) is the maximum strain rate of the sample and
˙max(0) is the maximum strain rate of a template-free sample

ith the same dopant concentration. Thus, ε̇o
max is a measure of
he relative effect of template loading on x–y plane shrinkage for
given dopant concentration.

Total x–y plane shrinkage and the instantaneous x–y plane
train rate (including ε̇max) are both reduced with increasing
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ig. 3. Shrinkage characteristics extracted from the dilatometry data in Fig. 2,
ncluding the temperature at which the strain rate maxima (Tmax), the maximum
train rate (ε̇max), and the normalized maximum strain rate (ε̇o

max).

emplate loading. Template loading, however, has little effect
n Tmax. A plot of the instantaneous x–y plane strain rate
d((l − lo)/lo)/dt) vs. time (i.e. the time derivative of Fig. 2) yields
similar result, showing that the templates simply decrease the

nstantaneous strain rate at all temperatures without changing
he shape of the shrinkage curve. Shrinkage in the x–y plane
or 0 vol% and 1 vol% templated alumina are nearly identical,
hough ε̇max decreases by approximately 5%.

As seen in Fig. 3b, there are much higher maximum strain
ates in samples with 2 wt% dopant than those with 0.14% or no
opant. In addition, Fig. 2 shows that samples with 2 wt% dopant
ave greater overall x–y plane shrinkage. Greater x–y plane
hrinkage supports the hypothesis that increasing liquid content
rovides a mechanism for the relaxation of the stresses associ-
ted with constraint imposed by the templates on the matrix (the
ause of the reduction in x–y plane shrinkage). The introduction
f 2% dopant (and 0.14% dopant to a lesser extent) appears to
elay the onset of alumina densification as well. This can be seen
ost clearly in Fig. 2 by comparing the early (or lower temper-

ture) parts of each curve to that of the MgO-doped material.
his is also in agreement with Fig. 3a, which shows an increase

n Tmax when the CaO–SiO2 dopant is included.
Interestingly, samples with 0.14% dopant exhibit more grad-

al x–y plane shrinkage (Fig. 2b) and a lower maximum strain
ate (Fig. 3b) than undoped samples for all template loadings
tudied. This is unexpected, since the inclusion of liquid-forming
opants is expected to enhance densification and the concen-
ration of each dopant is above its solid solubility in alumina
and, thus, is expected to form an intergranular liquid phase).
t is instructive, however, to consider the effect of dopant con-
entration on ε̇o

max (Fig. 3c). This shows that ε̇o
max decreases

ess rapidly with increasing template loading as more dopant
s included. Here it is apparent that the x–y plane shrinkage of
.14% dopant samples is less affected by template constraint
ompared to dopant-free samples, despite the lower absolute
train rates. By this same measure, increasing the dopant con-

entration to 2% mitigates the effect of template constraint even
urther.

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

t
f
s
s

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

ered densities approached a maximum for a sintering profile
f 5 ◦C/min to 1550 ◦C with a 90 min dwell. The effect of
opant concentration and template loading on relative den-
ity sintered under these conditions is seen in Fig. 4. Overall
ensification behavior is clearly inhibited by template con-
traint, particularly at template loadings greater than 1 vol%.
emplate constraint has the most pronounced effect on the
intered density of undoped samples, which is the only sam-
le set to exhibit a decrease in density at 1 vol% template
oading. There are significant decreases in sintered density of
ndoped samples at higher template loadings. Samples with
.14% dopant show improved densification behavior compared
o undoped samples. In particular, the effect of template con-
traint on sintered density is negligible in CaO–SiO2 doped
lumina at 1 vol% template loading and minor at 5 vol% template
oading. It is only at 10 vol% and 15 vol% template load-
ngs that the consequences of template constraint on density
ecome significant. Samples with 2% dopant exhibit the high-
st densities for all template loadings. In this case template
oadings of up to 5 vol% have very little effect on sintered
ensity.

Macroscopic shrinkage anisotropy was measured for sam-
les sintered at 1550 ◦C for 90 min. The total x–y plane and
-direction sintering strain calculated from the initial and final
imensions are plotted in Fig. 5. Increasing template load-
ng decreases x–y plane strain and, consequently, increases
-direction strain. The much greater z-direction strain at a given
emplate loading demonstrates that the templates constrain den-
ification much less than in the x–y plane. Dopant concentration
as a more significant effect on x–y plane shrinkage than z-
irection shrinkage. While increasing dopant concentration (and
hus liquid content) relaxes the template constraint and allows

or more x–y plane shrinkage, it slightly reduces the z-direction
hrinkage. Alumina with 2% dopant exhibits the least z-direction
hrinkage despite having higher densities. Because the intergran-
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ig. 5. Total x–y plane and z-direction shrinkage for samples with no dopant,
.14% dopant, and 2% dopant after sintering at 5 ◦C/min to 1550 ◦C with a
0 min hold.

lar liquid phase improves the densification of TGG materials
rimarily through improvements in the x–y plane shrinkage
ehavior, it follows that the intergranular phase alleviates some
f the template constraint that causes the inhibition of x–y plane
hrinkage in the first place.

. Microstructure development

The effect of dopant concentration on microstructure devel-
pment of non-templated alumina is shown in Fig. 6. All
amples were sintered at 1550 ◦C for 90 min. In the absence of
aO + SiO2 dopant, the microstructure remains equiaxed with a
rain size of ∼4–5 �m. Samples with 0.14% dopant have large,
nisomorphic grains, the result of abnormal grain growth. This
ndicates that this is a sufficient concentration of (SiO2 + CaO)
opant to create an intergranular liquid phase at the sinter-
ng temperature. Samples with 2 wt% dopant are comprised of
ven larger, anisomorphic grains. The microstructural differ-
nces between samples with 0.14% dopant and 2 wt% dopant
re the result of changes in temperature at which the intergranu-
ar liquid phase appears.25 Microstructural observations at lower
emperatures reveal that abnormal grain growth is initiated at
450–1550 ◦C in samples with 0.14% dopant and at <1350 ◦C
n samples with 2% dopant.25 So, in essence the 2% sample is
verfired when sintered at 1550 ◦C for 90 min. As noted in ear-
ier papers the conditions leading to abnormal grain growth in a
eramic are favorable for TGG since the template particles ther-

odynamically initiate preferred growth and subsequent grain

rowth in the desired direction. Furthermore, the template load-
ng regulates the extent of growth to the intertemplate distance
n the matrix.

t
e
(
i

ig. 6. SEM micrographs showing the microstructures of non-templated Al2O3

ith no dopant (top), 0.14 wt% (SiO2 + CaO) dopant (middle), and 2 wt%
SiO2 + CaO) dopant (bottom). All samples were sintered at 1550 ◦C for 90 min.

The microstructures of the textured aluminas sintered at
550 ◦C for 90 min with no dopant, 0.14% dopant, and 2%
opant and two different template loadings (1 vol% and 15 vol%)
re shown in Fig. 7. In agreement with Fig. 4, there is an increase
n porosity associated with both increasing template loading and
ecreasing liquid-forming dopant concentration. The porosity is
redominately intergranular and is largely situated at the ends of

emplated grains. The larger pores are a result of x–y constraint
specially during the sintering before the liquid phase forms
see Fig. 2). The position of the porosity agrees with model-
ng and observations of Sudre and Lange who showed that a
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Fig. 7. SEM micrographs showing the microstructures of textured alum

ignificant tensile stress occurs between the ends of such sharp
eatures.10,11 In all cases the templated grains grew substan-
ially from the initial template size. However, in samples with
o dopant the templated grain aspect ratio is lower and there is a
onsiderable amount of matrix material remaining. The remain-
ng matrix grains have coarsened noticeably and remain during
urther heat treatment, indicating that they are stable relative
o the growing templated grains. In samples with 0.14% and
% dopant, the microstructure consists of high aspect ratio tem-
lated grains and only a few matrix grains. The only macroscopic
ifference between the samples with 0.14% and 2% dopant is
ensity (Fig. 7).

Finally, it appears that a key to obtaining high density,
igh texture fraction textured alumina is to maintain a fine
atrix grain size during densification below the liquid phase

emperature. In the current study, undoped alumina (i) experi-

nces considerable matrix coarsening prior to extensive template
rowth, reducing the driving force for further template growth,
nd (ii) does not have liquid phase to relax template constraint.
onversely, previous studies show that texturing in materials

v
b
p
s

th different (SiO2 + CaO) dopant concentrations and template loadings.

ith too much liquid phase dopant is limited greatly by matrix
oarsening prior to template growth regardless of the ability to
elieve template constraint stresses.26

. Texture analysis

The effect of template loading and dopant content on texture
evelopment was evaluated with rocking curves on the samples
hown in Table 1. Texture quality was quantified with f (texture
raction) and r (orientation parameter) by fitting the rocking
urves to the March–Dollase equation. The full-width at half
he maximum (FWHM) of the rocking curves was also mea-
ured, as this is another descriptor of texture quality that has the
enefit of being insensitive to the function selection and fitting
rocess. The FWHM measured for 1% templated alumina with
.14% dopant is exceptionally low (4.6◦). A survey of the rele-

ant literature yielded no lower values, indicating that this may
e the highest quality axisymmetric texture obtained in a bulk
olycrystalline ceramic to date. Fig. 8 shows a 2θ scan of this
ample as well as a non-templated (i.e. randomly oriented) but



R.J. Pavlacka, G.L. Messing / Journal of the Europ

Table 1
Texture quality including FWHM of the measured rocking curve and calculated
March–Dollase parameters.

Dopant
concentration

Template
loading

FWHM (◦) r f (M–D) f (Ster)

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
0
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6

0

10 6.1 0.16 0.69 0.97
.14 15 7.7 0.17 0.63 0.96

therwise identical sample. Note that the intensity axis on the
extured alumina plot is broken and that the low intensity section
as the same scale as the random alumina plot. The 000·6 and
00·12 maxima, essentially non-existent in randomly oriented
lumina, dominate the pattern for the textured sample. The only
rientation of significant intensity in the textured material is the
04 peak.

The rocking curve results in Table 1 indicate that the
rientation parameter (r) increases with increasing template con-
entration, in agreement with Seabaugh et al.7 All of the r values
n this study are lower than those reported by Seabaugh et al.7 for
ll template loadings (r = 0.185 for 1 vol% templated alumina).
owever, direct comparison can be misleading due to the higher

spect ratio templates in our study as well as the different num-
er of template particles for equal template loadings (due to the
onsiderable difference in template sizes). Thus, for equal tem-
late loadings by volume, the number of templates in our study
s approximately 5 times the number of templates in the work
f Seabaugh et al. In addition, the results indicate that texture
raction decreases, if modestly, with increasing template con-

entration. This does not agree with Seabaugh et al., who showed
ignificant increases in texture fraction with increasing template
oadings. This can be explained by; (i) the lower number of tem-
late particles for a given template loading and (ii) the higher

ig. 8. X-ray diffraction pattern of (a) textured alumina with 0.14% dopant
nd 1 vol% template loading and (b) non-templated alumina with 0.14% dopant
intered at 5 ◦C/min to 1550 ◦C with a 90 min hold.
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opant concentration. The first factor increases the growth dis-
ances for full texture (i.e. more matrix to consume per template)
nd the second factors results in greater matrix coarsening prior
o and during template growth. The matrix coarsening lowers the
riving force for template growth until, for a given temperature,
emplate growth essentially ceases and f is limited.

There is little difference in texture quality for samples with
.14% and 2% dopant, confirming that 0.14 wt% dopant is
ufficient for the production of well-textured, dense alumina.
amples with no dopant, on the other hand, exhibit lower texture
ractions, particularly in the case of 1 vol% template loading.
his suggests that, template constraint aside, liquid-forming
opants are necessary during TGG for the purpose of encourag-
ng template growth, as observed in Fig. 7. Since we were able to
btain high quality texture with minimal dopant concentration
nd only a modest decrease in density, the mechanical behavior
f the 0.14 wt% doped alumina material was examined.

It should be noted that the f values obtained in the rocking
urve analysis may be artificially low due to difficulty in fitting
he March–Dollase function to high ω data (which determines
he texture fraction). Therefore, texture fraction was also deter-

ined stereologically. Only grains with aspect ratios above 2.5
riented within 15◦ of the x–y plane were considered part of
he texture fraction. Trends similar to those obtained by rock-
ng curve fitting are observed in the stereology results (Table 1),
hough the overall texture fractions are far higher. Regardless,
hese results also indicate that a reduction in liquid-forming
opant from 2% to 0.14% does not significantly affect texture
uality.

. Strength and fracture behavior

Flexural strength was studied for textured alumina with
.14% dopant sintered at 1550 ◦C for 90 min. Testing was per-
ormed in two sample orientations having the same fracture
lane. The first (parallel) orientation had the tensile surface of
he bend bar parallel to the x–y plane and the second (perpen-
icular) is rotated so that the tensile surface of the bend bar is
erpendicular to x–y plane. Also tested for comparison is a fine-
rained equiaxed MgO-doped alumina. The results are given
n Table 2. The fine-grained equiaxed Al2O3 exhibits strength
507 ± 45 MPa) comparable to those reported in the literature for
ense fine-grained alumina. Strength in textured alumina, on the
ther hand, is highly dependent upon the initial template load-
ng and, consequently, the microstructural features. The weakest

aterial tested is the 1% templated alumina (305 ± 22 MPa).
amples with higher template loading are significantly stronger
nd have statistically similar strengths (∼424 ± 23 MPa). Two
otential microstructural causes for this change in strength
ehavior are density and grain size. However the largest dif-
erences in sintered density occur between those samples with
imilar strength values. Moreover, increases in density alone are
ot commonly associated with decreasing strength.27 It is more

ikely, and indeed commonly found in equiaxed systems, that
trength is reduced with increasing grain size.28–30 Consider
hat the final templated grain size (assuming template impinge-

ent) is directly determined by the initial template loading and
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Table 2
Mechanical properties of textured alumina with 0.14% dopant obtained from 4-point bend testing and indentation strength measurements.

Sample Template loading σc (MPa) Perp σc (MPa) Par Kc (MPa m1/2) Perp Kc (MPa m1/2) Par

Equiaxed – 506 ± 45 3.33 ± 0.14
Textured 1 316 ± 19 305 ± 22 3.09 ± 0.35 3.05 ± 0.23
T 4
T 4
T 4

t
b
t
t
t
m
o
l
p
T

i
g
d
e
a
b
e

K

w
m
P
h
s
f
p
t
t
a

p
W
m
s
s
t
t
a
s
t
b
g

o
p
a
a
f
i
a
t
t
n
t
I
(
l

F
p

extured 5 421 ± 38
extured 10 384 ± 38
extured 15 511 ± 45

hat the final grain volume is inversely proportional to the num-
er of template particles. As a result, the grain size in the 1%
emplated sample is significantly larger than the grain size of
he higher template loaded samples (see Fig. 7). We should note
hat it is not just the grain volume that affects the strength but

ore importantly the large pores created by the greater degree
f grain growth. Coarsening of the largest pores will lead to a
arger critical flaw size and, thus, a lower strength. Finally, sam-
le orientation does not have a strong effect on flexural strength.
his is in agreement with past studies.13,15

The effective fracture toughness was determined by the
ndentation-strength method for the same set of samples. Fine-
rained equiaxed alumina was included for comparison. The
ata for all sample types show excellent agreement with the
xpected P−1/3 dependence of strength (σc), which indicates
single measurable toughness value and no apparent R-curve

ehavior. Effective toughness was calculated from the following
xpression18:

c = 0.52

(
E

H

)1/8

(σcP
1/3)

3/4
(3)

here Kc is the effective fracture toughness, E is the elastic
odulus (taken as 393 GPa), H is the hardness of alumina, and
is the indentation load. Attempts to experimentally determine

ardness values were thwarted by the tendency for the textured
amples to exhibit cracking even at low loads (0.3 kgf). The
racture toughness reported in Table 2 indicates that, in the

arallel orientation, there is no increase in toughening due to
exturing, in agreement with previous work.13,14 The effective
oughness of 1 vol%, 5 vol%, and 10 vol% templated alumina
re similar to each other (3.03–3.11 MPa m1/2). The 15% tem-

f
g
c
l

ig. 9. SEM micrographs showing the fracture surfaces of differently oriented sampl
arallel mode).
17 ± 23 3.93 ± 0.39 3.03 ± 0.23
20 ± 14 3.90 ± 0.41 3.11 ± 0.21
36 ± 32 4.58 ± 0.44 2.55 ± 0.31

lated samples, however, are much less tough (2.55 MPa m1/2).
hile individual indent crack depths were difficult to deter-
ine, a brief post-failure survey of the indents shows no

ignificant dependence of microstructure on crack depth. This
uggests that the lower toughness value is actually a charac-
eristic of the 93% dense samples obtained with 15% alumina
emplates and is not an artifact of the indentation process. In
ddition, because similar toughness values were obtained for
amples with 1 vol% and 5 vol% templates, we conclude that
he low strength of 1 vol% templated samples is likely caused
y the larger flaw size associated with the increase in grain
rowth.

Unlike strength, there is a significant effect of orientation
n fracture toughness. Higher toughness is observed in the
erpendicular direction. This toughness anisotropy is not in
greement with previous studies.13–15 Moreover, the toughness
nisotropy increases with template loading. The fracture sur-
aces for textured samples tested in both orientations are shown
n Fig. 9. Mixed fracture paths (intergranular and transgranular)
re observed in both orientations, though transgranular appears
o be more dominant in the parallel orientation (Fig. 9b) than in
he perpendicular orientation (Fig. 9a). The difference in tough-
ess may be associated with the fracture path and how effectively
he differently oriented templated grains can ‘bridge’ the crack.
n the parallel orientation, cracks go through the short dimension
i.e. the thickness) of the templated grains, making them more
ikely to fail prior to effective bridging. As a result, intergranular

racture is most often observed on just one side of a templated
rain (as arrowed in Fig. 9b). In the perpendicular orientation,
racks must go through one of the long dimensions (i.e. the
ength) of the templated grains. This may make the templated

es following fracture toughness measurement ((a) perpendicular mode and (b)
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rains more effective bridges. Instances of intergranular crack-
ng in the perpendicular orientation are commonly observed on
oth sides of templated grains (as arrowed in Fig. 9a).

Regardless of microstructure and sample orientation all of the
bserved crack paths are macroscopically straight, traveling in a
ransverse direction from the indent directly towards the oppo-
ite side. This crack morphology is dissimilar from previous
xaminations of fracture in alumina with strong morphologi-
al texture, which show that cracks tend towards parallel with
he basal surfaces.14,15 This is potentially due to a difference in
ature of the grain boundaries (i.e. boundary phases and mis-
rientation stresses) between studies, but there is not enough
nformation in the literature from which to draw any conclusions.

. Conclusion

Low-liquid content alumina was textured using the tem-
lated grain growth process. In general, liquid-forming dopants
elayed the densification process to higher temperatures but
llowed for higher densities and improved texture development.
–y Plane shrinkage behavior was shown to be very sensitive to
he dopant level, particularly in regards to the maximum strain
ate.

Extremely high quality texture was achieved, with r values as
ow as 0.13 and FWHM as low as 4.6◦. Improvements in texture
uality over previous work are, in part, the results of higher
spect ratio templates. It was shown that increasing template
oading decreases both the template orientation quality and that
.14% liquid-forming dopant is a sufficient concentration for
btaining high quality texture.

The flexural strength and fracture toughness of textured alu-
ina with 0.14% dopant and varying template loading were
easured in 4-point bend testing. Flexural strength is highly
icrostructure dependent. Samples with the largest templated

rains (1% templated alumina) have much lower strength
300–320 MPa) than those with smaller templated grains
400–500 MPa). Significant fracture toughness anisotropy was
bserved, with increasing anisotropy accompanying increasing
emplate loading. Predominantly transgranular crack paths were
bserved in fracture surfaces, which precludes any potential
oughening effects from crack bridging.
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