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Abstract—The role of crystallographic texture in determining the fracture behavior of a highly anisotropic
ceramic, iron titanate, has been examined. By exploiting the anisotropy in its single crystal magnetic suscepti-
bility, crystallographically textured and untextured iron titanate microstructures were formed by gelcasting

in the presence and absence of a strong magnetic field, respectively. The magnetic field-assisted processing
imparted a fiber-like texture to the processed ceramic material in which the crystallogbapkés of the

grains aligned parallel to the applied field. Triaxial residual stress and lattice parameter measurements showed
that both the untextured and textured materials had undergone significant stress—relaxation, presumably due
to spontaneous microcracking. Further, ‘aggregates’ of non-textured material were discovered within textured
material that led to a population of meso-scale cracks (meso-cracks) in the microstructure oriented normal
to the direction of alignment. Both crack populations were examined using a finite element simulation and
confirmed by small angle neutron scattering measurements, and for meso-cracks, by X-ray tomography. Bend
strength and R-curve behavior were evaluated as a function of texture and orientation in the magnetically
processed materials. Strengths remained within 20% of that of the control material, except for one orientation,
for which the strength decreased with increasing degree of texture due to favorably oriented meso-cracks.
The R-curve behavior was highly anisotropic, with the peak fracture toughness of the magnetically processed
material ranging from approximately equal to 2.5 times that of the control material. Additionally, the peak
fracture toughness of each orientation increased with the degree of texture. Anisotropic fracture properties
were related to interactions between the test crack and the population of meso-cra6k4. Acta Materialia

Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION sotropy in both its thermal expansion and magnetic

. . . susceptibility [1-3], as shown in Table 1. As a result
One of the primary causes of anisotropy in the proper- ; - AP
X . . . of its thermal expansion anisotropy, ffé@s is prone
ties of polycrystalline materials is texture. Texture

. L -to microcracking, even at relatively small grain sizes
or the presence of a nonuniform distribution of grai . SO 9
4]. Spontaneous microcracking, its grain size depen-

orientations, imposes single crystal anisotropies OMfnce and influence on mechanical behavior has been

the properties of the bulk material. The degree of the~ =~ . . .
. . tudied in a variety of ceramics [5-15]. Control of

bulk property anisotropies depends on the strengih. . ; . o
microcracking by texturing has been given signifi-

and type of texture, as well as the degree of ani- ; )
- . i . cantly less attention [16], and is, therefore, the focus

sotropy in the single crystal properties. The studies,
X Of the current work.
described here assess the role of texture on the frac-

. . . . L Because of its anisotropic magnetic susceptibility,
ture behavior of a highly anisotropic ceramic with 3 . -
. . ) ; exture may be imposed on the microstructures of
known propensity for microcracking. Iron titanate,
Fe,TiOs, was studied because it exhibits strong ani-
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polycrystalline Fe,TiOs via magnetic field-assisted
processing. Imperative to understanding the role of
texture in these materials is the ability to produce by
the same processing route both crystallographically
textured and untextured microstructures for compari-
son. Gelcasting, when used in conjunction with mag-
netic field-assisted processing, fulfills this need.
Characterization of the imposed texture via X-ray
pole figures provides information about the orien-
tation distribution of grains in the polycrystals. The
fracture behavior of the textured materials is evalu-
ated and compared to that of the untextured material.
Both fracture strength and crack growth resistance are
measured in three directions relative to the texture
symmetry. Since changes in crystallographic texture
are likely to be accompanied by changes in
microcracking behavior, the crack population is
evaluated via small angle neutron scattering, and in
the case of mechanical test specimens, X-ray tom-
ography. Finally, an object-oriented finite element
analysisisused for residua stress simulations to com-
pare expected with observed mechanical behavior.

2. EXPERIMENTAL DETAILS
2.1. Processing

Fe,TiOs samples for this study were made using
gelcasting. The intrinsic idle time associated with the
polymerization step makes gelcasting particularly
well suited for magnetic field-assisted processing.
During the idle time associated with gelcasting, a sus-
pension may be placed in an applied magnetic field.
Prior to the onset of polymerization, a particle is free
to rotate under the influence of the magnetic field,
thus aligning itself such that its direction of maximum
susceptibility is paralel to the field direction. Once
the polymerization process is complete, the gel net-
work locks the particle in place, and the assembly can
be removed from the magnetic field without dis-
turbing the imposed orientation.

The acrylamide system [17] was used for gelcast-
ing. This system consisted of a premix of acrylamide
(AM) monomers and a cross-linking agent, methyl-
enebisacrylamide (MBAM) monomers;, a catalyst,
ammonium persulfate (APS); and an activator, tetra-
methylethylenediamine (TEMED). A dispersant and
an anti-foaming agent are added to the acrylamide
premix immediately prior to adding the powder. Iron
titanate powder is added to the premix of AM and
MBAM forming a suspension with 30 vol% solids
content. A lower solids loading than typical for gel-
casting was chosen to reduce particle—particle interac-
tion, allowing easy particle rotation. The suspension
was then placed in an ice water bath and cooled to
2-3°C to extend the idle time between the addition
of the catalyst and the onset of polymerization. After
30 min, APS solution and TEMED were mixed into
the suspension. Further details of the process can be
found in reference [18].
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The suspension was cast into a Delrint mold,
degassed in a vacuum dessicator, and lowered into
the bore of a magnet, where it remained for 3 h. Pro-
cessing was carried out at two field strengths, 3.2 and
8.4 T. Two mold configurations designated as Type
1 and Type 3 [shown in Fig. 1(a)] allowed processing
of samples having different texture orientations with
respect to the sample coordinate system. Control
samples were processed in the same manner, outside
of the magnetic field.

After mold removal the samples were dried 24 h
in air. The dry green bodies were then placed in a
vented furnace for burnout of the gel binder at 575°C
for 6 h. The resulting powder compacts were iso-
statically pressed at 276 MPa to increase the green
density without disturbing the particle orientations
[19]. Specimens were sintered for 1 h at 1170°C in
air.

2.2. Microstructural evaluation

2.2.1. Optical microscopy.  Grain sizes were
measured on polished surfaces using the mean inter-
cept technique [20]. Additionally, grain size was mea-
sured as a function of orientation. Surfaces were also
examined and rotated in polarized light to qualitat-
ively evaluate crystallographic texture. A non-tex-
tured specimen will reflect polarized light at the same
intensity regardless of orientation, while textured
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Fig. 1. (a) Schematic of the Type 1 and Type 3 configurations

used in magnetic field (B) assisted processing. (b) Schematics

of three types of textured samples for strength (upper) and R-
curve (lower) measurements.

T Information on commercia products is given for com-
pleteness and does not necessarily constitute or imply their
endorsement by the National Ingtitute of Standards and
Technology.
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specimens will vary from light to dark during
rotation [21].

2.2.2. Small angle neutron scattering.  Small
angle neutron scattering (SANS) provides a means of
characterizing microstructural features, such as pre-
cipitates, pores or cracks which range in size from 1
nm to 1 um [22, 23] making it an ideal method for
characterizing the microcrack population in Fe,TiOs.
At sufficiently large scattering vectors Q, the scat-
tered intensity, |, from the scattering phase (cracks in
this case) may be described by the Porod approxi-
mation [24]:

o S

where d2/d() is the macroscopic scattering cross-sec-
tion, Ap is the difference in scattering length density
between phases on each side of the scattering inter-
face, i.e., between the Fe,TiOs and the crack, so that
it is the scattering length of Fe,TiOg, and S, is the
surface area per unit sample volume of the scattering
phase. SANS experiments were performed on the
control sample and Types 1 and 3 processed under
32 and 84 T at the National Institute of Standards
and Technology (NIST) using an 8 m SANS instru-
ment [25]. Studies were performed using a 0.6 nm
wavelength across two different scattering vector (Q)
ranges. For control samples and those processed at
3.2 T, the Q range was from 0.06 to 2.0 nm~*. For
samples processed at 8.4 T, the Q range was from
0.15 to 1.0 nm™*. Typicaly, only the data for Q>
0.1 nm~?* were used in the Porod analyses.

For each specimen, the SANS data were corrected
for variations in the detector sensitivity, attenuation
within the specimen, and background scattering.
Additionally, the data were calibrated against a stan-
dard scatterer. The reduced data were radialy aver-
aged about the beam center to obtain the absolute
scattering cross-section d2/d() versus Q. The data
were also sector-averaged about the beam center to
examine the dependence of any anisotropic scattering
on the azimuthal angle ¢.

2.2.3. X-ray tomography.  X-ray tomography
(XTM) was used to image through-the-thickness sec-
tions of mechanical test specimens from tests which
were halted prior to catastrophic failure. XTM studies
were performed on textured Fe,TiOs at beamline X2B
at the National Synchrotron Light Source at Brook-
haven National Laboratory [26, 27]. Right parallel-
epiped specimens of textured Fe,TiOs with nominal
dimensions of 0.8x0.8x4 mm were mounted to a
goniostat placed atop a rotation stage. XTM speci-
mens were sectioned from used mechanical testing
specimens that contained intact crack tips. XTM
specimens were oriented such that the crack front was
parallel to the long axis of the XTM specimen. The
direction of magnetic alignment within the specimen
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was in the crack plane and perpendicular to the long
axis of the specimen. The white X-ray beam from the
synchrotron was monochromated by a single bounce
Si(111) monochromator, choosing a wavelength of
0.48 A. The X-ray beam transmitted through the sam-
ple was incident on a phosphor screen, which was
imaged at 20x resolution onto a CCD chip with 27
um? pixels, giving an effective resolution in the X-
ray radiographs of 1.35 um? pixels. Images of the
sample were taken through a 180° rotation in 0.12°
increments, collecting for 5 s at each point. The
images were processed with an Exxon developed
reconstruction algorithm to give the three-dimen-
sional absorption map of the entire sample volume.

2.3. Residual stresses and texture

2.3.1. Residual stress simulations.  Two-dimen-
siona finite element simulations were performed
using the program OOF, an object oriented finite
element analysis developed at the Center for Compu-
tational and Theoretical Materials Science at NIST
[28]. The program OOF is a combination of two pro-
grams. The first program, PPM20OOF, is designed to
read an image file such as a micrograph. The individ-
ual pixels that constitute the micrograph may be col-
lected into groups and their material properties
assigned. For instance, the elements corresponding to
a gspecific grain or collection of grains may be
grouped together as a single unit. Material properties
that may be assigned to the groups include Young's
modulus, Poisson’s ratio, the single crystal thermal
expansion coefficients, and the crystall ographic orien-
tation through Euler angles. Although anisotropic
elasticity is possible, isotropic elasticity was assumed
for the current simulation. Once the material proper-
ties are assigned, PPM20OF creates a file containing
the finite elements, which the second program, OOF,
then reads.

OOF performs the finite element calculations on
the files created by PPM20OOF. Boundary conditions,
changes in temperature and distortions to the finite
element mesh may al be applied using the OOF inter-
face. Once a change has been introduced, OOF equi-
librates the microstructure and determines the stress
state in every element in the mesh.

At the microstructural scale, regions of non-tex-
tured islands within a textured Fe,TiOg matrix were
examined using this method. A rectangular mesh of
elements was constructed and random circular clus-
ters of several elements throughout the mesh were
selected. The textured matrix was assigned the
properties of textured Fe,TiOgs with Euler angles con-
sistent with alignment in the ‘I" direction. For a ‘per-
fectly’ textured sample, this gives a coefficient of
thermal expansion (CTE) in the x-direction equal to
that of the b-axis (16.3x107%/°C) of Fe,TiOs while
the y-direction is assigned a CTE equal to an average
of the CTE's of the a- and c-axes (5.35x10°° /°C).
The non-textured aggregate is assigned a CTE equal
to an average of all the axes, or 9.0x10%/°C. These
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elements were assigned thermal and elastic properties
consistent with non-textured Fe,TiOs. The micro-
structure was cooled 1000 K and allowed to re-equi-
librate via the finite element calculations, assuming
plane stress conditions.

2.3.2. Residual stress and texture measurements.

Pole figures were measured on polished surfaces of
both control and magnetically processed specimens.
Orientation distribution functions (ODFs) were
determined from these experimentally measured pole
figures using the WIMV algorithm [29-31]. Texture
was assessed by examining the axial pole figures cal-
culated from these ODFs. Details of these studies
were reported in previous papers [32], and the results
are summarized in Table 2. Samples processed in the
32 T field are designated weskly textured, while
those processed in the 84 T field are designated
strongly textured.

Triaxial residual stress measurements were made
using X-ray diffraction. The (262) peak, located at
approximately 144.3° 260, was chosen to provide a
high degree of accuracy. For a given stress measure-
ment, 31 ¢y combinations were examined. The angle
¢ was varied from 0° to 300° in 60° steps. At each
angle ¢, 26 scans were recorded at y angles corre-
sponding to sinfy=0.1, 02, 0.3, 04 and 0.5.
Additionally, at ¢ = 0°, the 26 value corresponding
to siny = 0 was measured. All  tilts were perfor-
med in y-goniometry in which the y axis is coinci-
dent with the 8 axis. Data were collected from 143.6°
to 145.5° 26 in 0.05° steps with a 60-s dwell time.
For cases where the texture resulted in low peak
intensities, the dwell time was raised to 120 s. For
triaxial residual stress measurements, values for the
strain-free lattice spacings are necessary. These were
determined by measuring the 26 locations of several
peaks in annealed powder sample of Fe,TiOs mixed
with a Si powder standard. Peaks were fit to a Gaus-
sian function using a software program, Peakfit [33]
to account for background and deconvolute the Ka,
and Ka, peaks. Residua strains and stresses were

Table 2. Texture strength and residual stress matrices of non-textured
and textured Fe,TiOs

Sample Texture 01 O Op
Strength in o,=loy, oy o0yl inMPa

MRD 031 Opn O3
Control, 0T  09-1.4 —135+25 12412 —12+04
12412 —151+26 -0.4+04
—12+04 -04+04 —-29+12
Type 1, 32T 3 {0kO} —19.3£3.7 05+1.1 05*0.5
05+1.1 —18.7+26 0.4+04
0.5+0.5 0.4+04 -33%l15
Type3,32T —8.7+2.2 06+1.1 0.4+04
0.6+1.1 —134+£23 —0.2£04
0.4+04 —0.2£04 —29+1.1
Type 1,84 T 48 {0kO} —7.9+4.8 0.8+1.2 0.2+0.7
0.8+1.2 —20.0£3.0 —0.7+0.5
0.2+0.7 —0.7+05 0.8+£1.9
Type 3,84 T —30.7x2.0 0.8+0.7 0.2+0.3

0.8+0.7 —275£20 0.2£0.3
0.2+0.3 0.2¢0.3 —1.9+13
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determined using a least-squares method [34] and a
computer software program, TRIAX [35].

2.4. Mechanical testing

Four-point flexure and short double cantilever
beam (sDCB) tests were used to characterize the
strength and crack growth resistance (R-curve)
behavior of the iron titanate samples, respectively. To
examine these properties as a function of direction,
three different b-textured samples were tested with
respect to orientation [Fig. 1(b)]. The Type | and
Type |l specimens were machined from Type 1
samples, described in Section 2.1, while the Type I11
specimens were machined from Type 3 samples. A
Type | specimen corresponds to the orientation in
which the applied field is perpendicular to both the
crack plane and the direction of crack propagation. A
Type |l specimen corresponds to the orientation in
which the applied field is paralel to both the crack
plane and the direction of propagation. Finaly, a
Type Il specimen corresponds to the orientation in
which the applied field is parallel to the crack plane,
but perpendicular to the direction of propagation.

Strength measurements were made in accordance
with test methods described in ASTM C1161-94 [36]
Specimens with dimensions 1.5x2.0x>25 mm were
loaded on 20 mm outer and 10 mm inner spans hav-
ing 2.0 mm nominal bearing diameters. At least 30
samples were tested for each sample type.

Short double cantilever beam specimens with nom-
inal dimensions 30x25x2.5 mm were machined from
gelcast samples. For in situ crack length measure-
ments, the specimens were then polished to 0.3 pm
finish. Holes for pin loading the specimens were ultra-
sonically drilled in the specimens. The specimens
were then notched with a diamond wafering blade to
a notch length a, = 18 mm. A sharp crack was intro-
duced at the notch tip by wedge loading, typically
yielding an initial crack length beyond the notch
length.

The pre-cracked sDCB specimens were pin loaded
on a servo-electric testing machine. Tests were con-
ducted at a constant crosshead displacement of 5.0
pm/min, during which load, crosshead displacement
and crack mouth opening displacement were recorded
at a sampling rate of 1 Hz using a data acquisition
system. Crack mouth opening displacement was
monitored using an extensometer via two knife-edges
mounted in grooves machined into the specimen end.
Crack mouth opening displacement was converted to
crack opening displacement, and stress intensity fac-
tor, K, were calculated from the method of Kanninen
[37]. Crack length was monitored during the course
of the test using a traveling microscope attached to a
digital micrometer. Prior to failure, specimens were
unloaded to allow the crack paths to be examined via
optical microscopy. Three samples were tested for
each sample type.
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3. RESULTS AND DISCUSSION
3.1. Microstructural observations

A representative optical micrograph of a gelcast
and sintered sample is shown in Fig. 2(a). Of note is
an equiaxed grain morphology despite the crystallo-
graphic texture. Rose patterns indicated that the grain
size remained invariant with direction and with field
strength in all samples, averaging approximately 5.8
pm. Additionally, grain sizes measured on the cross-
sections of the control samples were similar to those
on the surfaces.

Inspection of textured materials revealed several
unusua microstructural features related to processing
and texture. The most conspicuous can be seen on
machined or fractured surfaces with the naked eye.
They appear as small (up to 1.5 mm in diameter)
‘aggregates’ that are slightly lighter in color than the
surrounding materia [Fig. 2(b)]. By rotating the tex-
tured material during observation using a polarized
light microscope, it was found that ‘ aggregates’ main-
tain constant brightness whereas the matrix in
between aggregates flashes from light to dark as the
perch is rotated, suggesting non-textured islands in a
matrix of textured Fe,TiOs.

In order to quantify this effect, a photoresistor cir-

Fig. 2. Optical micrographs of gelcast samples processed in an

8.4 T magnetic field: (a) ahigh magnification image illustrating

the typical microstructure and (b) a low magnification image
showing ‘aggregate’ formation.
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cuit was connected to the microscope’s eyepiece [38].
The photoresistor caused the current to scale with the
intensity of light it received—the brighter was the
image, the higher the current was. Output currents
from the circuit were recorded as the sample was
rotated. Initially the microscope was focused exclus-
ively on an area between aggregates, and then refo-
cused exclusively on an aggregate. The results for
both cases are presented in Fig. 3 which clearly shows
a sinusoidal output for data collected between the
aggregates. Although the aggregate produced a sinus-
oidal wave as well, the peaks are roughly an order of
magnitude smaller in amplitude. This behavior
implies that the aggregates, while textured, are quite
poorly aligned compared to their surroundings. As a
further check, a control sample was examined using
the same method and produced constant brightness
during rotation.

One possible explanation for lack of texture in the
aggregates is that they correspond to the gel reaction
centers where crosslinking initiates [39]. Because
these sites gel most quickly, Fe,TiOs particles in the
very near vicinity will have little opportunity to align.
In contrast, particles farther away from reaction cen-
ters have a much larger opportunity to align. This
hypothesis provides a basis to explain a microstruc-
ture with local variations in texture. Admittedly, it
may not explain why the gradient between aggregates
and matrix is not more gradual.

A phenomenon known as depletion flocculation
may provide an dternate explanation [40]. Consider
many particles separated by distances too small to
accommodate a polymer chain. The chemical poten-
tial for water in between the particles is larger than
that outside of the gap. Equilibrium will dictate that
the chemical potential for water in the gap be
reduced. Thus, the system will act to reduce the con-
centration of water in the gap. Accordingly, the par-
ticles will flocculate. Flocculation will reduce the
mobility of the particles which in turn reduces the
opportunity for aignment. This hypothesis may

L0 T T T T T
0q o®
09k %o 5 © o
o o ©
2 0‘8 I 0 ogo 2 C 7
Boo Daoot o
E noooppgooooooon® 80n00oopn 200t
o o o]
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o o - (8]
E "05000 \ 00,0°
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Fig. 3. Results from the cross-polarization experiment of a pho-
toresistor circuit as a function of rotation angle for the ‘aggre-
gate’ and surrounding matrix.
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account for the sharp gradient in texture between
aggregates and matrix, athough the dispersant
(Darvan C) used in this study should have prevented
depletion flocculation by controlling inter-particle
distances from becoming sufficiently small.

In the case of specimens processed at 8.4 T, large
differences in the degree of texture between the non-
textured islands and the matrix lead to thermal-mis-
match derived cracks. These meso-scale cracks or
meso-cracks, 50-300 um in length, originate at the
non-textured island boundaries and grow perpendicu-
lar to the direction of alignment. Residual stress aris-
ing from the islands of non-textured material provides
a consistent explanation for the prevailing crack pos-
ition. SANS results and finite element modeling
described later will substantiate this claim.

In addition to a population of meso-cracks, the
material aso is believed to have a population of
microcracks. The critical grain size for spontaneous
microcracking in randomly oriented Fe,TiOs is found
to be in the range of 3 um. Given that the average
grain size in this study is over 5 um, spontaneous
microcracks are believed to occur in this material,
though not visible using optical microscopy.

3.2. SANS

The scattering data for the control and textured
specimens processed in a 3.2 T field were averaged
in 30° sectors at 15° intervals about the beam center.
Plots of the apparent Porod constant (Q* dX/d(}) ver-
sus the azimuthal angle ¢ are given in Fig. 4. It should
be noted that the direction of maximum Porod scat-
tering corresponds to the preferred direction of the
small dimension of the scattering species, in this case
cracks. The small dimension corresponds to the nor-
mal to the crack plane. Both the control and Type 3
specimens exhibited circularly symmetric Porod scat-
tering [Fig. 4(8) and (c), respectively]. The Type 1
specimens, however, displayed a notable degree of
anisotropy, shown in Fig. 4(b), with a maximum
apparent Porod constant oriented parallel to the mag-
netic field direction, i.e. the normal to the crack plane.
This indicates that the meso-cracks in the weakly tex-
tured microstructure exhibited a moderate degree of
preferred orientation perpendicular to the applied
field.

The scattering data for the textured specimens pro-
cessed inan 8.4 T field were averaged in 20° sectors
at 10° intervals about the beam center, rather than the
30° sectors used on the aforementioned data. Like the
Type 3 specimen processed in the 3.2 T applied field,
the Type 3 specimen processed in the 8.4 T applied
field exhibited a circularly symmetric apparent Porod
constant, and is not shown. However, the Type 1
exhibited highly anisotropic Porod scattering, as evi-
dence in Fig. 5(a8). Two orthogonal anisotropic
components are readily apparent. The larger compo-
nent isin the direction that coincides with the applied
magnetic field and is consistent with the pre-existent
meso-cracks which were oriented so that their planes
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Fig. 4. Apparent Porod constant versus azimuthal angle for (a)

control sample (b) Type 1 specimen processed in @ 3.2 T mag-

netic field and (c) Type 3 specimen processed in a3.2 T mag-

netic field. In (c) the applied magnetic field is normal to the
page.

were perpendicular to the field direction. The second
component, which was not observed in the previous
specimens, lies in a direction perpendicular to the
applied magnetic field and is consistent with the
microcracking predicted by the texture and thermal
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Fig. 5. (a) Apparent Porod constant and (b) apparent surface

area, S¥° versus azimutha angle for a Type 1 specimen pro-

cessed in an 8.4 T applied magnetic field. Note that the mag-
netic field is horizontal to the plane of the page.

expansion anisotropy. Such microcracks would be
oriented so that their planes are paralel to the applied
field direction and are uniformly distributed in the
plane perpendicular to the field. This is consistent
with the isotropy in the scattering observed in al the
Type 3 specimens combined with the anisotropy
observed in Type 1 specimens.

In Fig. 5(b) the apparent surface area per unit vol-
ume SPP was caculated from the Porod constants
determined from Fig. 5(a) to illustrate the anisotropy
in the scattering population. For these calculations, a
neutron scattering length density [Ap| = 4.956x10
m~2 is used. Modeling of the apparent surface areas
presented in Fig. 5(b) has established that the crack
population can be described using a combination of
spherical pores and oblate spheroidal elements [41].
The oblate spheroidal elements are further broken
into a population whose short dimension is aigned
parallel to the magnetic field direction and a popu-
lation whose short dimension is perpendicular to the
field. The first population is consistent with the pre-
dictions of likely microcrack sites. The second popu-
lation is consistent with observed meso-cracks
aligned perpendicular to the magnetic field direction
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in the specimens processed in the 8.4 T applied field,
both of which are predicted by the finite element
modeling.

After 3D orientational averaging of the anisotropic
surface area distribution, the total surface area,
SIPTAL of the Type 1 specimen was determined to be
1.2440.04 m? cm~3. The standard deviation is the
uncertainty determined from the computed straight-
linefit to { Q*(Q)} versus Q* This surface area marks
a dight reduction with respect to that of the control
sample, where ™t = 1.37+0.02 m? cm~3. From
these results, it appears that texturing may play arole
in reducing the microcrack population which occurs
spontaneously on cooling from thermal expansion
anisotropy.

It should aso be noted that the scattering infor-
mation presented comes from populations of both
pores and cracks. Since the pore morphology is
spherical, it may be treated as isotropic with regard
to scattering. As a result, the variations of scattering
intensity with orientation may be attributed to pre-
ferred orientation of cracks in the microstructure.

3.3. Residual stresses

3.3.1. Residual stress simulations.  OOF results
for the non-textured islands in a textured matrix are
shown in Fig. 6(a). The results clearly show tensile
stress concentrations on the poles of the simulated
non-textured islands oriented such that the field direc-
tion is perpendicular to the poles, and compressive
stresses concentrating at the egquator. Residual stress
arising from the islands of non-textured material pro-
vides a consistent explanation for the prevailing crack
position, as pictured in the schematic of Fig. 6(b). The
textured matrix is assigned a coefficient of thermal
expansion of 16.3x10°5°C~! (equal to that of the
b—axis) in the direction parallel to the field direction
and 5.35x10°%°C* (equal to the average of the a-
and c-axes) perpendicular to the field direction. The
non-textured islands were assigned a CTE equa to
the average of each of the axes, or 9.0x10 %°C™ 1,
Given these values, as the material is cooled, a tan-
gential tensile stress, perpendicular to the field direc-
tion and shown schematically in Fig. 6(c), develops
in the matrix at the poles from the therma mismatch.
A smaller radia tensile stress also develops at the
poles. The stress state is reversed at the equator: rad-
ial compression with a smaller tangentia com-
pression. For a textured sample, local microcracking
can result for the remnant therma expansion ani-
sotropy in the a- and c-axes, and from the radial ten-
sile stresses at the poles of the non-textured islands.
However, these cracks soon propagate into compress-
ive regions and arrest. In contrast, the tangential ten-
sile stresses at the poles tend to overlap with those
from the neighboring idands, as shown with the
dashed lines in Fig. 6(a), and this is consistent with
the development of meso-cracks perpendicular to the
alignment direction. Furthermore, as the degree of
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Fig. 6. (8) Simulation of oy, for a textured matrix containing

islands of non-textured materials (aggregates). Note high ten-

sile stresses at the poles of the aggregates. The ‘one’ direction

isparallel to the alignment direction. Schematic of non-textured

aggregate in a textured matrix demonstrating (b) CTEs and (c)
residual stress directions.

texture decreases, these stresses decrease in magni-
tude.

3.3.2. Residual stress measurements.  The calcu-
lated stress matrices from the triaxial stress measure-
ments are provided in Table 2. Note that the 33 direc-
tion corresponds to the specimen surface normal
results. Typical goodness-of-fit parameters [35] for
these measurements were greater than 0.5. Note that
the ‘22" direction for the Type 1 specimens corre-
sponds to the direction of applied magnetic field. The
triaxial measurements show the presence of virtualy
no appreciable residual stresses. This is true for the
control and the textured materials, regardiess of tex-
ture strength. It should be noted that slightly com-
pressive stresses are evident in al the materials.
These may be due to volume expansion associated
with the formation of cracks, which may provide
some compression in the near surface layer.

Again, these measurements suggest significant
stress relaxation has occurred. A likely source of this
relaxation, even in the case of the textured materials,
is through the formation of meso-cracks noted earlier,
as well as spontaneous microcracks. Despite the pres-
ence of strong crystallographic texture in the magneti-
cally processed materials, spontaneous microcracking
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isstill quite likely to have occurred during processing.
Consider the texture imposed through magnetic pro-
cessing, in which the b-axes align preferentialy in the
direction of the applied field, while the a- and c-axes
are uniformly distributed in the plane perpendicular to
the field. Even if the texture was perfect, a significant
anisotropy still exists in the plane perpendicular to
the field. In this case, the anisotropy occurs between
the a- and c-axes (see Table 1). In the absence of
any texture the maximum thermal anisotropy occurs
between the b- and c-axes. Essentialy, the imposition
of crystallographic texture has confined the thermal
mismatch strains to one plane, but has not removed
them.

One possible product of the confinement of these
mismatch strains is the evolution of local residual
stresses which themselves are greatest within the
same plane. As aresult, those grain boundaries whose
normals lie in the plane perpendicular to the b-axis
would develop the highest tensile residual stresses
and would be the most likely to microcrack. The net
result would be two-fold. First, the residual stresses
would still be relieved by spontaneous microcracking.
Second, the spontaneous microcracks would exhibit
preferred orientation such that their normals would be
uniformly distributed within the plane perpendicular
to the b-axis. Both these hypotheses are consistent
with the SANS observations reported in Section 3.2.

3.4. Mechanical tests

Flexural strengths as a function of specimen type
and peak texture strength are shown in Fig. 7. Within
the group of weakly textured specimens, notable
strength anisotropy was evident, with the bend
strength nearly doubling from the Type | to Type Il
specimens and further increasing in the Type Il In
the strongly textured specimens, anisotropy in the
fracture strength is still evident, with the Type | speci-
mens exhibiting strength roughly half of that of Types
Il and Ill. However, the strengths of the latter two
specimen types were nearly identical. Variationsrela
tive to the control specimens were insignificant for
the Types Il and |1l specimens, with the exception of
the weakly textured Type I11, whose strength was the

[] 1MRD

80 72 32MrD
- B 48MRD

Ny
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20~

I I I
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Fig. 7. Strength in bending as a function of specimen type and
pesk texture strength.
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higher. Only the Type | specimens showed a large
variation in strength relative to the control material.

The primary source of the anisotropy in the
strongly textured specimens appears to be the pres-
ence of the parallel meso-cracks described earlier. In
the Type | geometry, these parallel cracks were ori-
ented perpendicular to the longest dimension of the
bend bars and were likely to serve as the critical flaws
from which failure initiated. In the other geometries,
these meso-cracks were parallel to the to the longest
dimension of the bend bars, making them unlikely
failure initiation sites. However, the secondary crack
system identified by SANSin Fig. 5 (where the crack
plane contains the texture axis) can provide some
fraction of cracks to be favorably oriented to reduce
the strength.

3.4.1. Crack growth resistance behavior. The
results of the sDCB tests for representative samples
from each specimen type are given in Fig. 8. The R-
curves of control and Types|, I, and |11 samples pro-
cessed in the 8.4 T field are presented. The cracks are
grown to lengths of up to 2.5 mm. Two representative
samples are shown to demonstrate the reproducibility
of the tests. The crack growth resistance curves for
the control sample [Fig. 8(a)] were nearly flat, starting
from an initial toughness that may be extrapolated to
approximately 1 MPa.m¥?, and reaching a peak value
of approximately 1.6+0.08 MPa.m¥2, where + values
represent one standard deviation of the mean. The
lack of significant toughening is consistent with a
fine-grained ceramic material which has also under-
gone spontaneous microcracking.

The results for the highly textured microstructures
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are presented in Fig. 8(b)~(d). Figure 8(b) corre-
sponds to Type | specimens, while Fig. 8(c) and (d)
correspond to Type Il and Type Il specimens,
respectively. The fracture behavior of the highly tex-
tured specimens was very anisotropic, with the Type
I specimens showing the highest peak toughness at
approximately 4.0+0.2 MPam¥?, followed by the
Type ll1 at approximately 3.0+0.16 MPam¥?, and the
Type | at 1.9+0.08 MPam¥2, The highly textured
Type Il and Type Il specimens exhibited higher peak
toughness than the corresponding weakly textured
specimens in al of the three orientations, as is sum-
marized in Fig. 9.

The consistently higher toughnesses in the Type Il
and Type l11 highly textured specimens relative to the
weakly textured specimens may be explained by two
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Fig. 9. Pesk toughness as a function of specimen type and peak
texture strength.
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Fig. 8. Typical crack growth resistance behavior of (&) control material (b) Type | specimen processed in an
8.4 T magnetic field (c) Type Il specimen processed in a 8.4 T magnetic field, and (d) Type IIl specimen
processed in a 8.4 T magnetic field.
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factors. First, toughness is directly proportiona to
Young's modulus [42]. The highly textured speci-
mens had higher Young's moduli than the corre-
sponding weakly textured specimens. The Young's
modulus of the highly textured sample was aniso-
tropic. However, the magnitude of that anisotropy is
not sufficient to account for more than a small frac-
tion of the anisotropy in fracture behavior; the modu-
lus only varied by a maximum of 10%, while the frac-
ture toughness varied by a factor of two. The second,
overriding factor in the highly textured materials is
the presence of the parallel meso-cracks in the micro-
structure. These cracks may serve as natura crack
deflection sites for the test crack, as seen in Fig.
10(b). The test crack was often deflected for hundreds
of microns aong the preexisting meso-cracks. The
test crack—meso-crack interactions also resulted in
discontinuous crack growth. Discontinuities in crack
extension, shown in Fig. 9(c), coincided with crack
arrest at the meso-crack. Slow propagation continued
while the meso-crack opened under the influence of
the beam bending. The test crack then accelerated,
and the process repeated itself whenever a new meso-
crack was encountered. These interactions resulted in
unusualy large crack opening displacements, typi-

= 100 jem
“

1 100 pm
.-, [

(b)

Fig. 10. Optical micrographs of typical crack paths for highly

textured (a) Type | and (b) Type |l specimens, showing interac-

tion between the test crack and meso-cracks. Arrows indicate
the test crack.
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caly greater than 140 um compared to 60-90 pm in
al other systems. In contrast, crack propagation in
Type | specimens was facilitated when the test crack
linked with one of the parallel meso-cracks, as shown
in Fig. 10(a). The change in the interaction between
the test crack and these meso-cracks as the orientation
of the test cracks was varied with specimen orien-
tation among the three specimen types provided the
fracture anisotropy.

The means by which toughening in Type Il speci-
mens is achieved, that is, crack deflection along the
aggregate meso-cracks as speculated from surface
images, can be fully confirmed using X-ray tomogra-
phy. Fig. 11 presents tomographic cross-section taken
through a fracture toughness specimen containing a
test crack front that goes into the page. (From other
tomographic measurements of as-processed samples,
pre-existent meso-cracks of the order of 100-500 pum
deep, and roughly the same size as the diameter of
the non-textured island, were imaged. Microcracks,
however, were not visible as their crack opening dis-
placements are sub-micron, and below the resolution
of this imaging technique.) It is apparent that the test
crack has deflected 90° along the first aggregate

Test crack Meso-crack

|
E
.

Second meso-crack 100 pm

Fig. 11. X-ray tomograph of a fracture mechanics test speci-

men. The crack has deflected twice upon interaction with a

series of meso-cracks deep within the material. Arrows indicate
test crack trajectory.
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crack, kinked out, grew paralel to the origina direc-
tion of propagation, and then deflected 90° again into
the second aggregate crack. These sections are proof
that not only has micro-scale deflection occurred deep
within this textured Fe,TiOs specimen, but that the
crack front is not planar. Furthermore, since the test
crack grew under mixed mode conditions for at least
some distance (which requires more energy than
growing under pure mode | loading [43]) these crack
patterns likely represent real increases in toughness.
As aresult, the tomography results are consistent with
the enhanced toughness observed in any material that
contained meso-cracks perpendicular to the crack
plane. Moreover, they are a likely explanation of the
decreased toughness in Type | specimens which had
meso-cracks that ran parallel to the crack plane.

4. SUMMARY AND CONCLUDING REMARKS

By coupling the mechanical property results with
residual stress measurements and simulations, small-
angle neutron scattering measurements and X-ray
tomography, it is possible to paint a complete picture
of fracture in gelcast, textured iron titanate.

One of the most important changes in microstruc-
ture as a result of processing in a strong magnetic
field was the introduction of a population of cracks
having a very specific orientation. In al cases, these
meso-cracks formed such that their planes were nor-
mal to the direction of the applied magnetic field dur-
ing processing, which also corresponds to the b-axis
texture axis. The cracks are related to residual stresses
produced in the vicinity of non-textured ‘aggregates
in a textured matrix. Their presence has been docu-
mented optically, by SANS, and by X-ray tomogra-
phy.

X-ray residual stress measurements showed that
significant stress relaxation had occurred during pro-
cessing in all the specimens, regardless of the degree
of crystallographic texture. The mechanisms of the
relaxation are likely the formation of the meso-cracks
and spontaneous microcracks. However, SANS
results indicate that there is a small reduction in total
crack surface area upon texturing indicative of a
slight suppression of spontaneous microcracking. By
simulating non-textured regions in a textured matrix,
residual stresses consistent with the formation of
cracks perpendicular to the applied magnetic field
also are present. These smulations are consonant
with SANS observations.

Highly anisotropic strength and R-curve behavior
were observed in the textured materials. These
measurements in combination with observations
made during the course of the tests indicate that the
measured anisotropies in mechanica behavior were
primarily due to the presence of the meso-cracks. The
strength dropped precipitously when the meso-cracks
were oriented perpendicular to the long dimension of
the beam. In other orientations, the strength remained
near that of the control material.

3241

Two trends are evident from toughness experi-
ments. First, the degree of toughening increased with
texture strength for al orientations. Second, the
toughness was a strong function of the orientation of
the fracture plane relative to the texture. This
behavior was strongly influenced by the meso- and
microcracks. The strongest interactions were
observed in Type Il configuration, in which the test
crack propagated perpendicular to pre-existing meso-
cracks, experiencing significant deflection. These
interactions resulted in a peak fracture toughness
approximately 2.5 times that of the control material.

It is interesting to note that the fracture properties
in this study were improved by the formation of
cracks coupled to texture, rather than the suppression
of microcracking as was originaly anticipated. This
work suggests some strategies for toughening other
single-phase, anisotropic materials in which texturing
by any method might provide a means for inducing
a series of cracks which serve as deflection sites. The
texture associate cracking, however, implies an upper
limit to which such properties may be improved by
texturing. Should cracking be so prevalent in the bulk
material that a connected network of cracks forms, a
degradation in properties would be anticipated.
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