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ABSTRACT

The crack growth resistance of a textured, extruded alumina body was
compared with that of an isotropic, isopressed body of similar grain size,
density, and chemistry. R-curve levels reflected the preferred orientation;
however, R-curve slopes (dKjp/d Aa) were the same in all instances, implying a
similar crack growth resistive mechanism. Three orthongonal orientations of
crack growth in the two structures exhibited similar forms of Kigp versus
Aa  curves, for which a schematic diagram for polycrystalline ceramics is
proposed.

I. INTRODUCTION

The mechanical properties of polycrystalline ceramic bodies frequently
vary with test specimen orientation. This variation is the direct result of
structural texture, and the anisotropy of individual crystals or grains
comprising the body. For alumina (Al503), the individual crystals or grains
exhibit anisotropy of elastic modulus, thermal expansion coefficient, and
fracture toughness.!-2 For example, Young's modulus of Al,03 ranges from

460 GPa in the [0001] to 425 GPa in the [TZTO]; and the coefficient of thermal
expansion ranges from 7.2x10=6 °C in the [00011 to 6.3x10~6 °C in the [T270].
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These variations of Young's modulus and the coefficient of thermal expansion
are not large, but they are sufficient to result in residual microstresses as
polycrystalline alumina is cooled from sintering temperatures.3

The fracture toughness anisotropy of single crystal Al,03 is such that
the basal C-(0001) plane is the most resistant to cleavage, some 45 percent
tougher than the M-(1070) prism plane. Thus, the fracture toughness of
textured polycrysalline alumina can be expected to depend on the degree of
texture and the crack plane orientation. As a result, a fundamental
understanding of the effects of texture on fracture toughness is necessary to
interpret fracture test results.

Alumina powder from the Bayer process is plate-like in shape and
possesses a basal habit (i.e., the basal plane and the plate surface are
parallel). A crystallographic or intrinsic texture is developed by alignment
of these plate-like powder particles during some types of powder processing.
Pentecost? has measured texture in alumina ceramic bodies prepared by
slipcasting, extrusion, dry pressing, hot pressing, and isopressing
processes. Slipcasting, extrusion, and dry pressing can produce strong
intrinsic textures, while isostatic pressing and hot pressing usually do not.

In addition to crystallographic or intrinsic texture, a macro-texture or
extrinsic textured often occurs in powder processed ceramics. Extrinsic
textures occur as anisotropic distributions of pores, second phases, and
processing additives. Such texture is often the result of thermal, chemical,
or pressure gradients that develop during processing. The simultaneous
existence of both extrinsic and intrinsic textures is common to many
polycrystalline ceramic materials,®-9 although these two types of texture may
also exist independently.10-13

The objective of this paper is to report the measured effects of texture
on fracture toughness and crack growth resistance for polycrystalline
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alumina. It has been established that texture results in strength and
fracture toughness anisotropy for polycrystalline ceramics; however, the
effects on R-curve behavior have not been previously reported, nor contrasted
with results from a similar, but isotropic, ceramic body. In this study,
crack growth resistance is described by the traditional R-curve approach, in
which the stress intensity, Kigr, is presented as a function of the actual
crack extension, Aa. Occasionally, normalized crack extensions have been used
in the literature;!4 however, crack growth resistance is considered to be
independent of the initial crack length, and a function of the crack
extension Aa, as originally proposed for metals.!S
IT. EXPERIMENTAL PROCEDURES
Materials

A 96 percent alumina powder* was processed to yield polycrystalline
ceramic bodies of similar densities, grain sizes, and chemistries. One body,
however, was processed by extrusion to yield a structural texture, while the
other body was isostatically pressed to yield an isotropic body. Both bodies
were made from the same semi-ground Bayer process alumina by wet grinding the
original alumina and additive oxides in an alumina lined ball mill using a
dense alumina media. The milled powders were then mixed with the appropriate
lubricants, plasticizers, and water prior to extrusion or isopressing. The
green formed blanks were then machined to the desired geometry and fired at
1630 °C.16

Chemical compositions, densities, and Young's moduli of these aluminas
were previously determined,!’ and are compiled in Tables I and II.
Microstructures are illustrated in Fig. 1. Although the isopressed alumina

exhibits tabular grains and elongated pores, no alignment of grains or pores
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is evident. The extruded material also exhibits tabular grains and elongated
pores; however, the alignment of their long axes parallel to the extrusion
direction is obvious. This alignment indicates texture within the extruded
alumina.
Texture Measurements

The intrinsic texture was characterize by an x-ray diffraction inverse
pole figure,!0 in which the normalized planar intensities of the extruded
alumina were compared to those of the isostatically pressed alumina. The

normalized intensities were used to calculate the ratio R:

. [IEXT(hle)] =
[IISO(hk11)]

where Igxy and Iygp are the normalized intensities of the extruded and the
isopressed samples, respectively. The ratio, R, is plotted as a function of
the interplanar angle between the <(hkil) plane and the plane of interest,
the basal plane. Figure 2 reveals a strong basal texture normal to the
extrusion axis. This type of texture is known as a spiral wire texture.!0

The extrinsic texture was characterized by computerized image ana]ysis*
of polished longitudinal sections. The grain size was also measured by the
linear intercept method, in accordance with ASTM E112.18 The mean lengths and
breadths of the grains and pores are compiled in Table III. Also, results for
measurement directions parallel to and perpendicular to the long axes of the
as-processed blanks are listed. These results indicate elongated pores and
grains of similar average sizes in both materials. However, the results also
reveal that the long axes of the pores and the tabular grains of the extruded

alumina are aligned parallel to the extrusion direction.

'Cambridge Quantimet 900.



Toughness and Crack Growth Resistance Measurements

Fracture toughness values and crack growth resistances of the two
aluminas were measured using chevron-notched short bar specimens of dimensions
and geometry shown in Fig. 3. Due to the spiral wire texture, specimen
orientation is designated in accordance with standard notation for round bar
stock, as given in ASTM E399-83.19 The long axes of the specimen blanks are
designated as the longitudinal axis. This axis corresponds to the extrusion
axis (direction) of the extruded blanks, and to the long dimension of the
isostatically pressed blanks. Specimens of the RC, LC, and RL orientations
were studied, as illustrated in Fig. 4.

Fracture testing was performed by monotonically loading the specimens at
a stroke rate of 0.05 mm/min. Temperature and humidity ranged from 24 to
27 °C and 50 to 60 percent, respectively. The fracture toughness, Kic, was
calculated with the equations of Bubsey et al.,20 using maximum test load,

Pmax, and minimum stress intensity coefficient Y*pin:

%*
Pmamein , (2
Kic = 172
B e W

IC
where B and W are the specimen thickness and width.

Crack growth resistance tests were performed by gradually loading the
specimen until a small increment of stable crack extension occurred, and then
unloading to a small preload. This sequence was repeated until a total crack
extension of about 10 mm was achieved, at which the instability point of the
specimen occurs. The crack growth resistance, Kip, was calculated from the

maximum load sustained prior to unloading, PR, and the stress intensity

coefficient, Y*, for the corresponding crack length. Crack lengths and stress



intensity coefficients were calculated from the experimental compliance
relations of Budsey et al.20
IT. RESULTS AND DISCUSSION
Fracture Toughness and Elastic Modulus

Fracture toughness values, Kic, and Young's moduli, E, of the two
materials are summarized in Tables II and IV. The isostatically pressed
material consistently exhibits the same elastic modulus and fracture toughness
in all three orientations tested. For all practical purposes this isopressed
alumina is isotropic. The properites of the extruded material, however, were
observed to vary substantially with orientation. The elastic modulus is
largest for the LC orientation of the extruded alumina, but only about
5 percent higher than the RL and RC orientations. Fracture toughness of the
extruded material varies by nearly 40 percent, with the RC orientation being
the toughest. These toughnesses fall within the range of 2.8 to 6.4 MPaem!/2
reported for aluminas.21-24 It should be pointed out that the toughness of
the RC orientation is about 10 percent greater than that of the basal plane of
sapphire,2 so additional energy dissipation, above that the cleavage failure
of the individual Alp03 grains, must be involved.

Fracture toughness of the isostatically pressed alumina and the LC
orientation of the extruded material are similar. Considering the similar
chemistries, densities, mean grain sizes, and mean pore sizes, it is concluded
that the extrusion texture is responsible for these large mechanical property
differences.

Crack Growth Resistance

R-curves for the two materials are presented in Fig. 5. A rising crack
growth resistance is evident for both materials. Although the stress
intensity levels of crack growth resistance are distinctly different, it
should be emphasized that the linear slopes of the R-curves, as determined by
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regression analysis, are similar for both of the aluminas in all orientations
tested. Regression results are compiled in Table IV.

The R-curves are linear over the range of crack extensions measured in
this study, however, a nonlinearity of the R-curve has been observed and
reported elsewhere for a wider range of crack extensions in this alumina
materials.25-27 The nonlinearity appears to be specimen geometry dependent
and can be arributed to the development of a damage zone. The previous work
also revealed the existence of a plateau in the R-curve at crack extensions
beyond 12 mm. R-curves for this alumina thus exhibit at least two regions of
behavior, as shown in Fig. 6. Initially the R-curve exhibits a strong rise
that can be attributed to the incomplete development of a wake damage zone.
As a wake damage zone is established, the crack growth resistance increases
with crack extension until a plateau level is reached. This level corresponds
to the true macroscopic fracture toughness of the material.

The microstructural character (the size and shape of the grains and
pores) and single crystal fracture toughnesses thus control the level of the
R-curve and the toughness. The slope, dKig/d Aa, depends on damage
characteristics that are common to both aluminas--bridging and microcracking
in the wake region. Steinbrech et al.14 have determined that the slope of
the R-curve can also be strongly influenced by the grain size. Although they
have not specifically addressed the effect, it is evident that the grain size
effect occurs by the requirement that the bridging ligament (i.e., the grain)
be large relative to the crack opening displacement.

The existence of a plateau region at large crack extensions has been
experimentally established in a related study?’ of isostatically pressed
alumina and also was report by Reichl and Steinbrech?8 for other aluminas.

The plateau is indicative of a fully developed wake region such that the crack



bridging and frictional effects behind the advancing crack front are maximized
to the extent allowed by the crack opening displacement.
Fractography

Macrographs of the fracture surfaces are illustrated in Figs. 7 and 8.
A1l three orientations of the isotatically pressed alumina exhibit the same
fine, granular fracture surface free of any outstanding features. The
extruded material, however, exhibits a distinctly different fracture
topography. The LC orientation of the extruded material has a fracture plane
that is perpendicular to the extrusion direction. Its fracture surface is
smooth with rounded mounds and dimples, as shown in Fig. 8(a). The RC and RL
orientiations of the extruded material have fracture test planes oriented
parallel to the extrusion axis. Their fracture surfaces exhibit distinct
ridges and valleys. These features are always oriented parallel to the
extrusion direction, regardless of the crack growth direction, and indicate an
extrinsic textural effect. They appear to be the result of aligned flaws
within the body. Crack growth within the extruded alumina occurs by the
linking of aligned or clustered flaws, so that a distinctive fracture surface
(failure path) is created during crack propagation. Evidently the internal
flaw distribution in the isostatically pressed alumina is random and a
homogenous fracture pattern is exhibited.

Scanning electron micrographs of the fracture surfaces are illustrated in
Figs. 9 to 11. The isostatically pressed alumina has a uniform fracture
topography in all orientations, of which Fig. 9 is typical. The ridges and
valleys previously noted in macrographs of extruded alumina are illustrated in
Fig. 10. Figure 10(a) illustrates a fracture ridge and the surrounding region
for an RL orientation. The ridges, detailed in Fig. 10(b), are dense regions
of fine, well aggregated grains that have failed at high angles. The regions
to the sides of the ridge are shown at the top of Fig. 10(a) and appear as
8



dark planes containing many large, transgranularly failed grains and some fine
porosity. Evidently the internal flaw population of the ridges and the
adjacent regions are different. Surface microcracks are also evident in
regions surrounding the ridges, as in the lower left of Fig. 10(b).

The main fractographic features of the LC orientation of the extruded
alumina are small mounds and dimples, illustrated in Fig. 11. A typical mound
appears to be a dense, fine grain size, well aggregated region that is
surrounded by fine pores and large transgranularly failed gains. The mounds
are crossections of ridges apparent in the RC and RL orientations. It is
evident that the ridges, valleys, mounds, and dimples of the extruded material
are formed by the primary crack front circumventing the dense, fine grain size
regions, to link the surrounding flaws.

To observe the energy dissipative mechanism present in these aluminas,
additional observations were made on chevron-notched specimens of the extruded
material. Specimens were sectioned across the though-thickness direction.

The resulting unnotched faces were polished and then partially cracked by
forcing a wedge into the specimen mouth. Attempts to observe a frontal
microcrack zone proved unsuccessful; no microcracks could be observed around
the main crack tip in either the loaded or unloaded conditions. Observations
of the wake region, however, proved more interesting. Figure 12 shows the
wake region of the fracture crossection as observed in the SEM. Surface
microcracks apparent in Fig. 10(b) can be seen to extend on the order of the
grain size, and to exist only in the wake region. Interlocking grains,
fracture segments, and secondary cracking can also be observed.

These observations are consistent with results of detailed studies of
coarse-grained alumina by Swanson et al.29 Their study, which employed
optical microscopy, scanning electron microscopy, and profilometery,
determined that no frontal microcrack cloud exists in alumina. They attribute
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the R-curve behavior to grain bridging, frictional interlocking, and
secondary crack activity.
Toughening and Crack Growth Resistive Mechanisms

The common slopes of the R-curves suggest that the same crack growth
resistive mechanism is opertive at distinctly different toughness levels,
ranging from 3.7 to 5 MPaem!/2, Thus, the fracture toughness levels must be
attributed to factors other than a different in the crack growth resistive
mechanism. The fracture toughness levels, as opposed to the R-curve slopes,
depend on the intrinsic and extrinsic textures in association with the single
crystal properties of Al,03 and the orientation or alignment of long pore and
grain axes relative to the primary crack front.

The relative effects of the intrinsic and the extrinsic textures can be
estimated by comparing measured fracture toughness values in Table IV with the
single crystal fracture toughnesses of Al,03 in Table V, and by observing the
effects of different crack growth directions within the same test plane. The
fracture toughnesses, Krc, for the extruded alumina material are similar to
those of single crystal A1503 when considered in terms of the crystallographic
texture that exist. For the LC orientation, which has a lower density of
basal planes, the toughness value is lower. The exception to this is the RL
orientation of the extruded alumina. It should exhibit fracture toughness,
Kic, that is similar to that of the RC orientation if the single crystal
fracture properties totally dominate fracture. The value, however, is much
lower. One can conclude that the orientation of elongated porosity relative
to the crack front has affected these results, and that the toughness of
single crystal Al1203 is only a partial influence on the total toughness
anisotropy.

Two other indications of extrinsic textural toughening occlrred: crack
closure and a tendency of the crack to grow in small, unstable bursts of crack
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extension, instead of the smooth, totally stable crack extension exhibited by
the isostatically pressed alumina body. This discrete interaction of the
microstructure with the crack front was most prevalent for the RC orientation,
in which the long axes of the pores are aligned parallel to the primary crack
front. The LC orientation, in which the long axes of the pores are oriented
perpendicular to the crack plane, exhibited smooth, stable crack extension.
If the pores in this extruded alumina are considered to act as aligned groups
or clusters of defects that act in unison, as the fracture topography
suggests, then these aligned pore groups or clusters can effectively act as
macroscopic crack tip blunters in the RC orientation. The flaws initially
attract the macrocrack by acting as stress concentrations; however, they
ultimately blunt the primary crack tip because they are large and compliant
relative to an atomically sharp crack tip.

Thus the toughness anisotropy appears to be related primarily to the
effects of oriented pore clusters and the single crystal Al1,03 cleavage
energies. In the RC and RL orientations, the fracture plane contains many
tough basal planes. Furthermore, the pores are oriented within that crack
plane and readily interact with the primary crack front. The LC orientation
not only has fewer basal planes to toughen the material, but the pores are
aligned perpendicular to the primary crack plane and less interaction occurs.
The development of wake region bridging and microcracks appears to be the
primary cause of the rising crack growth resistance, but does not to account
for the bulk fracture toughness anisotropy.

V. CONCLUSION

Development of texture in a polycrystalline alumina by extrusion has
resulted in Young's modulus anisotropy of 5 percent and toughness anisotropy
of nearly 40 percent. Isopressing the same alumina powder results in an
isotropic body that exhibits a toughness level comparable to the lowest

11



toughness orientation of the extruded body. Several factors influenced the
toughness results of these isopressed and extruded aluminas. These include
the magnitudes of the single crystal cleavage energies and the effects of
shape and orientation of the grains and pores relative to the primary crack
front.

R-curves for these polycrystalline aluminas exhibit characteristic
regions, even though the alumina is processed by substantially different
techniques. Upon initiation of crack growth, Kigp increases rapidly and
reaches a plateau at the macroscopic fracture toughness. The slopes of the
rising linear regions are similar over the range of crack extension measured
and appear to be related to a wake region damage mechanism that is common to
both aluminas. The slope is not distinctly influenced by the intrinsic or
extrinsic textures in these aluminas, however, R-curve level is controlled by
the texture. Experimental observations indicate that the R-curve mechanism
is wake region crack surface bridging and frictional effects, accompanied by
Timited microcracking in the direction normal to the primary crack plane.
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TABLE I. - CHEMICAL COMPOSITIONS
Wt % Al Si Mg Fe Ca Na Ti
Isopressed { 49.9 | 1.19 { 0.48 | 0.03 | 0.13 | 0.03 | 0.01
Extruded 49.1 | 1.05 .05 .01 .07 .05 .01
TABLE II. - YOUNG'S MODULUS AND POISSON'S

RATIO (SONIC METHOD)

Processing Isopressed Extruded
Property E, v E, v
GPa GPa

Orientation — ] | == | -

RC 367 § 0.23 | 376 | 0.23

LC 367 .23 | 392 .25

RL 369 .23 | 372 .24
Density (gm/cc) 3.74 3.70




TABLE II1. - MICROSTRUCTURAL PARAMETERS IN THE LONGITUDINAL PLANE

(A1} dimensions are in microns, 10-6 m.1

Method Image analysis Linear intercept

Feature Pores Grains Grains
Processing Isopressed | Extruded | Isopressed | Extruded | Isopressed | Extruded
Fraction 10.3 10.8 — — — -
Mean length 10.5 10.3 6.0 5.9 -— —
Mean breadth 7.1 6.8 3.5 3.5 -— ——

Dimension relative to the long axis

Parallel 8.8 9.0 5.1 5.2 5.5 6.5
Perpendicular 8.8 8.0 4.6 4.2 5.5 5.2

TABLE IV. - FRACTURE TOUGHNESSES AND R-CURVE
SLOPES WITH 95 PERCENT CONFIDENCE LIMITS

Processing | Toughness Sloped
MPa m'/2 | MPa/m!/2x10-3
Isopressed
RC 3.69+0.05 0.12+0.02
LC 3.64+.03 .16+.01
RL 3.68+.02 .12+.01
AT 3.67+.05 .14%.01
Extruded
RC 4.94+0.37 0.13+0.02
LC 3.63%.2] .15%.02
RL 3.99%.12 .14%.021
3dK1r/d Aa.

TABLE V. - FRACTURE PARAMETERS FOR SINGLE
CRYSTAL ALUMINA (REF. 2)

Plane Shappe1 G1c.P Kic,
cleavability | J/md | MPa m!/2
C - (o001) 9.5 >40 4.54
M - (1010) 10.2 7.3 3.14
R - (1012) 12.4 6.0 2.38
A- Q120 9.2 —_— 2.43
aRef. 30.

brRef. 31.




18

TRUDED ALUMINAS:

GRIGINAL PAGE IS
OE POOR QUALITYJ

EXTRUSION DIRECTION

o M ¥y
B

AT %

¥

PR
FIGURE 1. - MICROSTRUCTURE FOR THE RC TEST ORTENTATIONS: (A) AND (B) ARE PORE STRUCTURES OF THE ISOPRESSED AND EX-

(C) AND (D) ARE GRAIN STRUCTURES OF THE ISOPRESSED AND EXTRUDED ALUMINAS.

IISO

EXT/

NORMALIZED INTENSITY - I

w

N

A TRANSVERSE
O LONGITUDINAL

A D
A
o}
T A
© A
0
A 0 O 00
N 4 I | |
20 40 60 80 100

INTERPLANAR ANGLE., DEG

FIGURE 2. - INVERSE POLE FIGURE FOR TRANSVERSE AND LONGI-
TUDINAL SECTIONS OF THE ALUMINAS.



PROCESSING BLANK SIZE B=2H W=a 3
ISOPRESSED 25x51x102 10 20 ]
EXTRUDED 25x25x51 10 20 4
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NOTCHED FRACTURE TOUGHNESS SPECIMENS USED IN THIS IN-

VESTIGATION.
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FIGURE 4. - TEST SPECIMEN REMOVAL PATTERN FROM THE PROCESSED BLANKS OF THE ALUMINAS.
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FIGURE 5. ~ CRACK GROWTH RESISTANCE AS A FUNCTION OF CRACK EXTENSION FOR THE 1S0-
PRESSED AND EXTRUDED ALUMINAS.
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FIGURE 6. - SCHEMATIC R-CURVE DIAGRAM FOR THE ALUMINAS.
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(A) LC ORIENTATION.

FIGURE 7. - TYPICAL FRACTURE TOPOGRAPHY OF THE ISOSTATICALLY
PRESSED ALUMINA.

(C) RL ORIENTATION.

FIGURE 8. - FRACTURE TOPOGRAPHY OF THE EXTRUDED
ALUMINA.
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FIGURE 9. - SEM FRACTOGRAPH OF THE ISOSTATICALLY PRESSED ALUMINA.

(B) FRACTURE RIDGE.

FIGURE 10. - FRACTOGRAPHS OF THE EXTRUDED ALUMINA TESTED IN THE RL
ORIENTATION.
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FIGURE 11. - FRACTOGRAPH OF THE EXTRUDED ALUMINA TESTED IN THE LC
ORIENTATION. ILLUSTRATING A FRACTURE MOUND AND THE SURROUNDING
TRANSGRANULAR REGION.

FIGURE 12. - WAKE REGION MICROCRACKING. BRIDGING, AND SECONDARY CRACKING.
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