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bstract

ine ceramic oxide fibers are widely used as reinforcements in composites for high temperature applications. The primary goal of this research
as to investigate the growth of single crystal or textured oxide fibers by heat treatment of polycrystalline or amorphous, extruded precursor fibers.
ullite was selected for this study due to its excellent chemical stability, creep resistance and strength at high temperatures. A quadrupole lamp

urnace (QLF), with a small, disc-shaped, hot zone was used for the heat treatment.
Micrographic analysis and in situ synchrotron X-ray diffraction analysis have been performed on the mullite system for anisotropic grain growth

f mullite. The estimated activation energies from the SEM micrographic analysis were 644.3 and 773.7 kJ/mol for the length and thickness,
espectively. An in situ synchrotron X-ray diffraction microstructure analysis was done with a curved image plate (CIP) detector and the fiber was
eat treated with a QLF. A Williamson–Hall analysis was carried out for the calculation of the apparent crystallite sizes. The apparent crystallite
ize showed anisotropy in crystallite growth. Furthermore, the growth rates in the [0 0 1] and [1 1 0] directions demonstrated elongated crystallite
rowth.

Mullite whiskers were prepared by HF leaching out and templated into polycrystalline mullite fiber by extrusion. Textured growth of mullite fiber

ith elongated grains, ∼400 �m in length and aligned along the long-axis of the fibers, was achieved by heat treatment. Repeated heat treatment

ycles of a whisker-templated fiber showed a bamboo-like microstructure. It was confirmed by TEM that the growth direction along the fiber length
as the [0 0 1] direction of orthorhombic mullite.
2007 Published by Elsevier Ltd.
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. Introduction

Small diameter oxide fibers are excellent reinforcements for
omposites for use in high temperature applications.1 Mullite
s a strong candidate material for advanced structural applica-
ions at high temperature, because of its low thermal expansion,
ow thermal conductivity, good chemical and thermal stabil-
ty, high temperature strength, and creep resistance.2–4 Several
echniques have been reported to synthesize mullite fibers and
hiskers for ceramic composite reinforcements. As the ceramic

hows reduced mechanical properties with grain growth, the

nisotropic grain growth of a mullite system has been explored to
evelop a three-dimensionally interpenetrating, acicular, grain
icrostructure.5

∗ Corresponding author. Tel.: +1 217 333 5258; fax: +1 217 333 2736.
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Single crystal or textured, oxide fibers exhibit better prop-
rties than do amorphous or polycrystalline oxide fibers.
rystallization and synthesis of mullite fibers have been studied
y different methods.6–10 Polycrystalline ceramic fibers have
ess creep resistance in comparison to single crystal or textured
bers, due to the presence of flaws and the tendency to creep
long grain boundaries at high temperatures.

Densification and grain growth kinetics of mullite ceram-
cs were first investigated by Ghate et al.11 They assumed
hat diffusion of Si4+ ions controlled densification and
rain growth. Huang et al.12 reported that the grain size
volution of mullite is slow below 1590 ◦C and that
quiaxial grains remain. Above 1590 ◦C, the equiaxed mul-
ite grains became acicular. They explained this elongated

nisotropic grain growth as being due to enhanced dif-
usion in the presence of a liquid silicate phase that
orms above 1590 ◦C, in the case of silica-rich mullite.
nisotropic grain growth of mullite has been reported in

mailto:kriven@uiuc.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.019
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irectional solidification13 and during vapor–solid synthesis of
hiskers.14

Incorporation of transition metal cations into the mullite crys-
al structure has been studied by many researchers. Hong and

essing15 reported the effect of titania addition on the mul-
ite microstructure. They reported that the onset temperature
or anisotropic grain growth decreased with increasing titania
oncentration and was very close to the point of maximum den-
ification. Therefore, the addition of the titania enhanced the
ensification of a mullite sintered body.

For years many X-ray powder diffraction methods have been
sed in materials characterization.16 With the development of
ynchrotron sources, there has been an explosive growth in X-ray
iffraction methods of materials. Amongst the many advantages
hat synchrotron X-ray sources offer over conventional labo-
atory X-ray equipment, are higher photon flux, tunability of
-radiation wavelengths, and a non-divergent or parallel X-ray
eam. Most commonly, X-ray diffraction data is collected using
oint detectors, which, together with crystal analyzers, provide
he highest spatial resolution. However, measurements on sam-
les that change in time are difficult and sometimes impossible
or kinetic studies at high temperature.

A new, one-dimensional, curved image plate (CIP) detector
as been developed in our laboratory and has been used for in
itu experiments.17 The CIP detector has a capability of detecting
-ray diffraction, particularly in terms of very high resolution

o at least 0.001◦ in peak position, and has been designed for
peration together with a quadrupole lamp furnace. This set-up
as enabled in situ high temperature X-ray diffraction studies on
olycrystalline specimens, in real time, up to 2000 ◦C in air. The
etails of the experimental apparatus and detector information
ave been reported in other papers.18–22

The primary objective of this research was to investigate the
ossibility of producing single crystal or textured fibers of mul-
ite by controlled texturing or crystallization of polycrystalline
r amorphous fibers as precursors. In order to produce textured
bers by extrusion, the use of mullite whiskers as templates was

nvestigated. Precursor fibers were subjected to heat treatments
n the quadrupole furnace. The effect of furnace temperature,
raverse rate of the fiber through the furnace hot zone, and the
umber of heating cycles on microstructural modification of the
ber were studied. The nature of in situ crystallite size growth of

he mullite system was examined on a representative statistical
evel by synchrotron XRD and the CIP detector.

. Experimental procedures

.1. Synthesis of mullite template needles

The precursor mullite fibers were prepared by an extrusion
ethod. To obtain an aligned or bamboo structured fiber, the

emplated grain growth (TGG) method23 was employed, for

hich mullite whiskers were prepared as templates. TGG is one
f the techniques for developing textured microstructures as well
s developing single crystals without melting. In TGG a small
umber of large, usually anisotropic, templates are aligned in

w
e
C
o

Fig. 1. Schematic of templated grain growth (TGG).

fine powder matrix during a shear forming process as shown
n Fig. 1. These larger anisotropic particles grow by the con-
umption of the surrounding fine-grained matrix, yielding highly
riented, textured or single crystalline grains, upon heat treat-
ent.
Titinia was added to the mullite system in order to

nhance anisotropic grain growth. Titania-doped mullite pow-
ers were synthesized by the sol–gel method. Aluminum
itrate nonahydrate (Al(NO3)3·9H2O) and tetraethyl orthosil-
cate (Si[OC2H5]4) were prepared as starting chemicals and
issolved in ethanol. Titanium ethoxide (Ti[OC2H5]4) was
dded to the mullite sol as a source for the titanium ions. After
elation with ammonium hydroxide, the dried gel was calcined
t 1000 ◦C for 2 h and later crystallized at 1300 ◦C for 2 h in a
oSi2 furnace. The synthesis of mullite phase was confirmed

y X-ray diffractometry.
The synthesized titania-doped mullite powder was pressed

s a pellet, and sintered at 1600 ◦C for 15 h. Mullite whiskers
ere collected from a sintered mullite sample by a hydrofluoric

cid leaching off reaction. The grain boundaries were removed
nd the elongated mullite grains were collected. Sintered pellets
ere crushed and soaked in 49 vol% hydrofluoric acid solu-

ion, and the resulting cloudy dispersion was repeatedly rinsed
ith deionized water to collect the mullite whiskers. Their shape

nd size were examined by SEM (Hitachi S-4700, Hitachi High
echnologies America, Inc., Schaumburg, IL).

.2. Synthesis of fibers

Mullite fibers were prepared by an extrusion method. Pure
nd 5 wt% whisker-templated fibers were synthesized. Com-
ercial mullite powder (KM Mullite 101, Kyoritsu Ceramic
aterials Co. Ltd., Nagoya, Japan) and the whiskers collected
ere used as starting precursor powders. Three weight percent

queous hydroxypropyl methyl cellulose solution was prepared
nd mixed with the prepared starting precursor powder to make
viscous paste. For the templated fiber, about 5 wt% whiskers

ere added to the KM mullite powder. The green fibers were

xtruded in a fiber extruder (Marksman Fiber Drawing Machine,
hemat Technology Inc., Northridge, CA) through a 200 �m
rifice. The orientation of the whiskers in an extruded fiber was
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ligned along the fiber length direction, due to the high aspect
atio of the whiskers. The mullite whisker-templated green fibers
ere sintered at 1300 ◦C for 2 h and the resulting diameter was

bout 150 �m after sintering.

.3. In situ crystallite size determination by synchrotron
adiation

The in situ synchrotron experiments were carried out at
ector 33-BM, UNICAT of the Advanced Photon Source
APS), Argonne National Laboratory (ANL, Argonne, IL).

quadrupole lamp furnace (QLF) was used for heat treat-
ent of the polycrystalline mullite fibers. Four halogen lamps

OSRAM 15 V, 10 A, Osram, Germany) with ellipsoidal reflec-
ors were mounted in the brass furnace housing which served as
heat source. The QLF was mounted onto a Huber four-circle
oniometer and the temperature was controlled with an R-type
hermocouple. The furnace housing had two extra slits for the
ncoming synchrotron beam and for the diffracted beam. The
urved image plate (CIP) detector was used for data acquisition.

The sintered, pure, polycrystalline fiber was coated with plat-
num paste which functioned as an internal thermometer when
he fiber was heated by the image furnace. The coated fiber was
ttached to the alumina tube which was mounted horizontally to
he goniometer stage. The fiber was rotated at 60 rpm for random
iffraction and better counting statistics. The X-ray diffraction
atterns were collected by the CIP detector isothermally for more
han 1 h.

The XRD pattern collected with the CIP detector was com-
ared with that collected using an analyzer with LaB6 powder,
SRM660a, National Institute of Standards and Technology,
aithersburg, MD) in order to assign of 2θ values to each pixel
n the image plate (IP). A polynomial of second order was
erived to transform the pixel values on the IP into 2θ val-
es. The residuals of the fitting were less than 0.0002◦ and also
howed randomness in 2θ ranges. The incident X-radiation of
= 0.700642795 Å (approximately 17.7 keV) was used for the
attern acquisition.
The peak position and Full Width at Half Maximum (FWHM)
ere analyzed with the CMPR24 program. The actual tem-
erature of the heat treatment was calculated based on the
attice expansion of the Pt by the Rietveld whole pattern fit-

T
m
m
s

Fig. 2. (a) Mullite sintered pellet, (b) mullite whiskers c
eramic Society 28 (2008) 455–463 457

ing method.25 In order to correct for instrumental broadening,
standard sample diffraction pattern from LaB6 (SRM660a) was
ollected and analyzed. The crystallite size, growth rate and crys-
allite shape were examined by applying the Williamson–Hall

ethod.

.4. Heat treatment of fibers

The mullite whisker templated fiber was mounted inside of
he crystallizer vertically. A quadrupole lamp furnace (QLF) was
mployed for heat treatment of the mullite fiber. The shape and
ize of the furnace hot zone were determined by measurement
f both the axial and radial distribution of temperature using an
-type thermocouple (Pt/Pt13%Rh). The fiber was heat treated
t up to 92% of furnace power, and for several heating cycles
or the microstructural evolution.

The surface morphologies of the heat treated fibers were
xamined by SEM (Hitachi S-4700). TEM observations were
erformed with 200 kV Jeol electron microscopes (JEM 2010F,
EM 2010 LaB6, JEOL USA, Inc., Peabody, MA). A piece of
ber was mounted on a copper grid and iron milled in a Fis-
hione Ion mill (Fischione Instruments, Inc., Export, PA). The
s-heat treated fiber and ion-milled fibers were examined by
ptical microscopy (Zeiss Axio Imager, Carl Zeiss MicroImag-
ng GmbH, Göttingen, Germany) in reflected and transmitted

odes, using normal and plane polarized light.

. Results and discussion

The elongated anisotropic grain growth occurring in mul-
ite is widely known. The heat treatment of the polycrystalline

ullite system showed random grain growth. In order to make
n oriented mullite microstructure, the templated grain growth
TGG) method was employed. In the case of TGG, the one
imensional crystal orientation can be controlled by the align-
ent of the template.26 As the heating temperature increased,

quiaxed mullite grains became elongated grains as expected.

he microstructure of the sintered pellet showed the elongated
ullite grains in random orientation as seen in Fig. 2(a). A SEM
icrograph of the mullite whiskers used as templates in this

tudy is shown in Fig. 2(b).

ollected after heat treatment at 1600 ◦C for 15 h.
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Fig. 3. (a) Anisotropic grain growth kinetics at 1600 ◦C, (b) Activa

The mullite whiskers collected were needle-shaped and had
harp ends. The tendency for mullite grains to grow as needle
hapes has been widely known, for if the grains grow without
onstraint they form whiskers.14,27 When the elongated mullite
rains were made, the whiskers grew in the c-axis and were
ounded by {1 1 0} surfaces. From these results, it is believed
hat the prismatic planes {1 1 0} have a lower surface energy
han do the other planes, and thus, grains grow in the [0 0 1]
irection for thermodynamic reasons.13–15

The sintered body and the collected whiskers were examined
y EDS and SEM. Glass pockets were commonly observed in
he grain boundaries around the anisotropic grains in the sintered
ellet, and EDS analysis indicated that the glassy phase consisted
f Si with a small amount of Al and Ti. It was expected that

here was a trace amount of titania inside of the mullite whisker
s the solubility limit of titania in a mullite matrix is reported
o be 2.9 wt%, and it substitutes for octahedrally coordinated
l3+ in mullite.28 EDS spectra from the mullite whiskers reveals

Fig. 4. Instrumental broadening with LaB6 and Caglioti’s function.
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nergies of 3 wt% titania-doped in length and thickness directions.

hat they consisted of Al and Si. The aspect ratio, a measure
f the degree of anisotropy, is an important characteristic in
icrostructures consisting of platelet or needle-like grains. The

hickness of the mullite whiskers was about 3 �m. This aspect
atio increased with increasing titania doping and heat treatment
emperature. The aspect ratio between thickness and length was
bout 12 for 3 wt% titania addition and heat treatment at 1600 ◦C
or 15 h.

To determine the anisotropic grain growth kinetics, the grain
ength, grain thickness, and aspect ratio were measured for
he 3 wt% titania-doped mullite. The grain growth kinetics of
quiaxed grains can be expressed by the following empirical
quation:29

n − Gn
o = Kt (1)

here G is the grain size, Go the initial grain size, K the rate
onstant, and t is the time. This model assumes that the mobility
f the grain interface was constant during growth in all crys-
allographic planes of the interface. The value of the exponent

depends on the grain growth mechanism; n = 2 for reaction-
ontrolled and n = 3 for diffusion-controlled grain growth.29 The
xponent n for grain growth could be determined from the slope
f the log–log plots of grain size versus time as seen in Fig. 3(a).
he exponent for the length direction was 3 and for the thickness

t was 6. The cubic growth kinetics in the length direction can
e interpreted as being due to diffusion-controlled growth in the
iquid. The growth kinetics in the thickness direction was much
lower than in the length direction.

As the grain growth is a thermally activated process, the rate
onstant can be expressed in the Arrhenius form. The activation
nergy for the gain growth can be calculated from the slope of
he plot of ln K versus 1/T as seen in Fig. 3(b). The estimated
ctivation energies were 644.3 ± 40.2 and 773.7 ± 29.8 kJ/mol

or the length and thickness, respectively. These results indicate
hat the growth rate in the length direction is much faster than
n the thickness direction. The large differences of roughness
n the solid/liquid interface and different growth mechanisms
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Fig. 5. (a) Williamson–Hall plot of mullite for crystallite size, (b) c

n each direction for Si3N4 system were explained by Hwang
t al.30 and Lai et al.31 The relative roughness of interfaces in
ach direction is closely related to the anisotropic grain bound-
ry energy, which is related to the mullite crystal structure.32

hus, anisotropic grain growth behavior in titania-doped mul-
ite is due to the intrinsic, anisotropic crystal structure in which
trongly bonded chains lie along the c-axis. In addition, tita-
ia doping provides an extrinsic environment of low-viscosity
or constraint-free growth. The local titania distribution strongly
ffects the initiation of anisotropic grain growth due to the for-
ation of local regions of lower viscosity near each particle. This

ocal chemical heterogeneity leads to the initiation of anisotropic
rain growth of mullite grains.15

The anisotropic crystallite growth was also studied by in
itu synchrotron X-ray diffraction (XRD) experiments. The

icrostructure examined by XRD came from crystallites having

oherent diffraction domains. These domains can be understood
s the submicrostructure which forms grains by a mosaic of
rystallites.33

ig. 6. Polar plots of crystallite size as a function of crystallographic direction.

d
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F

l

F
e

lite growth rate in different crystallographic directions at 1589 ◦C.

In order to determine the structural imperfections and the
orphology of the mullite crystallites, the breadths of all

ccessible Bragg reflection lines were required. Pattern decom-
ositions of the acquired XRD patterns were carried out by
eans of the profile-fitting program CMPR24 for the individ-

al peaks. Line profiles were assumed to be pseudo-Voigtian
nd thus described by their position, integrated intensity and
ull width at half maximum (FWHM), in addition to the mixing
arameter ε, which related the Lorentzian and Gaussian contri-
utions to the pseudo-Voigt function. Also, the integral breadths
of the each peak were calculated from the peak intensity and

eak height.
The FWHM of the standard sample peak is shown in Fig. 4.

t is evident that peak broadening depends on (h k l) indices,
ince the apparent scatter is much greater than that due to ran-
om errors. The instrumental broadening was corrected with the
aglioti’s formula:
WHM2 = U tan2(θ) + V tan(θ) + W (2)

From Fig. 4, the U, V, and W values were calculated by
east squares fitting. The instrumental broadening was corrected

ig. 7. Mullite whisker embedded along the fiber length in precursor fiber after
xtrusion.
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ig. 8. SEM micrograph of extruded 5 wt% whisker added mullite fiber at 89%
f power (approximately 1810 ◦C), at a transverse rate of 1 �m/s.

sing Caglioti’s formula, where the constants for the Caglioti’s
ormula were 0.00012, 0.00009, and 0.00006, respectively.

In this study the Williamson–Hall method which is one of
he integral breadth methods, was used for the crystallite size
nalysis.34 The Williamson–Hall plot (β cos(θ) versus 4 sin(θ))
s useful for a first-look estimation of the nature of structural
mperfections present in a sample. If all values of β cos(θ) lie
n a horizontal line, then the strain broadening is negligible
nd the crystallites are equiaxed on average. When the values
f β cos(θ), corresponding to different reflection groups, lie on
everal horizontal lines, the strain broadening is again negligible
ut the crystallite shape is not equiaxed. The size and strain
arameters can be estimated by means of the Williamson–Hall
lot, by applying the following approximate formula:

cos(θ) = λ

D
+ 4ε sin(θ) (3)

here D is the apparent crystallite size and .ε is the strain param-
ter.

A set of the Williamson–Hall plots was produced for ana-
yzing the corrected line profiles corresponding to the mullite
eflections from all samples as in Fig. 5(a). Two parallel straight
ines, corresponding to two pairs of reflections of different orders

each of them corresponding to the same direction, 1 1 0–2 2 0
nd 0 0 1–0 0 2), were constructed for each plot by taking the
ame slope of both the lines and using least-squares fitting. In
ll samples the anisotropies of the crystallite sizes (in differ-

F
w

b

ig. 9. (a) SEM micrographs of extruded 5 wt% whisker added mullite fiber heat trea
�m/s, (b) high resolution of (a).
ig. 10. Optical micrograph of whisker-templated mullite fiber heat-treated 10
imes at 85% of power (approximately 1780 ◦C), at a transverse rate of 1 �m/s
n reflection mode.

nt directions) were observed. These results agreed with the
nown fact that the growth of mullite crystallites is frequently
nisotropic. The calculated crystallite sizes were 285 and 389 nm
n [1 1 0] and [0 0 1] crystallographic directions, respectively.

The actual temperature of the experiment can be acquired
rom the Rietveld whole pattern fitting of the platinum internal
hermometer. As the platinum is stable at high temperatures and
as cubic symmetry, the actual temperature can be calculated
rom the lattice expansion of the platinum. The actual calcu-
ated temperature was 1588.7 ± 8.6 ◦C for the set temperature
f 1300 ◦C and the Pt lattice constant was 3.99292 ± 0.00051 Å.
he calculated crystallite sizes were much smaller than the mul-

ite grains in SEM micrographs in Fig. 2. It was because the heat
reatment time was different. In the case of Fig. 2, the mullite
ample was heat treated for 15 h. Also it is thought that the cal-
ulated crystallite size was the size of submicrostructure of a
osaic of crystallites.
The series of X-ray diffraction patterns was collected isother-

ally at set temperature of 1300 ◦C for 4000 s. The crystallite
izes in [1 1 0] and [0 0 1] directions were calculated from

illiamson–Hall plots. The growth rate along [1 1 0] and [0 0 1]
irections were 0.030 and 0.034 nm/s, respectively as seen in

ig. 5(b). As expected the growth rate along the [0 0 1] direction
as higher than along the [1 1 0] direction.
The apparent crystallite sizes as a function of the angle α

etween the diffraction vector and the c-axis of the mullite unit

ted 10 times at 85% of power (approximately 1780 ◦C), at a transverse rate of
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Fig. 11. Optical micrograph of heat treated fiber (a) in trans

ell were plotted. The Fig. 6 shows the elongated shape of the
rystallites. The curve in the diagram was calculated from the
ylindrical parameters and shows the dependence of apparent
rystallite size on lattice direction. The lengths of the line seg-
ents indicated the experimental values of apparent crystallite

ize as obtained from the analysis.
It is thought that textured microstructure development dur-

ng templated grain growth is controlled by the growth of the
emplate particles, rather than by template rearrangement or
referential development of texture in the matrix.35,36 Align-
ent of whiskers in the precursor fiber was along the fiber

ength direction as in Fig. 7. As the elongated whiskers passed
hrough the small orifice in the fiber extruder, the whiskers were
ligned along the fiber length direction due to the shear. With
eat treatment there was over-growth around the templates with
he absorption of small mullite grains into the large elongated
rains, as expected.

The SEM micrograph in Fig. 8 shows the microstructure of
eat-treated 5 wt% whisker-templated fiber. The heat treatment
as carried out at 89% of power (approximately 1810 ◦C) at
�m/s of transverse rate. The large elongated mullite grains
long the fiber length direction grew with each heat treatment.

longated grains over 400 �m in length were also observed. In

his case the aspect ratio was over 40. During the heat treatment
ycle, a considerably textured microstructure was achieved,

w
d
s

ig. 12. TEM images of whisker-templated, mullite fiber heat-treated 10 times at 85
iffraction pattern, and (b) high resolution of TEM image with projection zone was [
on mode, (b) total extinction in transmitted polarized light.

lthough some randomly oriented grains were still present. Raj
t al.37 predicted that oriented grains with aspect ratios of 50
ncreased the creep resistance by a factor of 105 relative to
andomly oriented equiaxed grains.

Therefore, the fiber was subjected to repeated heat treatments.
he fiber heat treated at 85% of power (approximately 1780 ◦C)

or 10 heating cycles is displayed in the SEM micrograph of
ig. 9. As shown in SEM micrographs, the heat treated fiber had
acetted flat surfaces with surface steps. The diameter of the heat
reated fiber was 97 �m, whereas the diameter of the green fiber
as 150 �m. Thus the diameter shrank by about 65%. The EDS

nalysis showed that the composition of the heat treated mullite
as 3Al2O3:2SiO2 with no trace of Ti. In mullite crystallization,
hen the mullite phase was formed from the melt, it has the
Al2O3·SiO2 composition, whereas when it was crystallized at
lower temperature, it has the 3:2 composition.38 It is believed

hat the amount of Ti in the whiskers was less than the range
etectable by TEM/EDS.

The heat treated fiber was examined by optical microscopy.
ig. 10 is a reflected light image of the heat treated fiber. The
icrograph shows flat facets with steps as seen in the SEM
icrograph (Fig. 9(b)). There was no total extinction direction

hen seen in crossed polarized lights. It is believed that the
ifferent crystallographic orientations of the flat surfaces and
teps may prevent total extinction.

% of power (approximately 1780 ◦C), at a transverse rate of 1 �m/s, (a) TEM
1̄ 1 0].
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The facets on the heat treated fiber were ion milled for TEM
pecimen preparation. Fig. 11(a) shows the transmitted light
mage of an ion-milled fiber. In this bamboo-like section of the
ber, the sample was in total extinction in transmitted polarized

ight when the fiber was rotated parallel to the cross hairs, as
een in Fig. 11(b). The same segment of fiber was examined by
EM. Fig. 12 shows the TEM/SAD diffraction pattern of the
eat-treated fiber. The projection zone was [−1 1 0] and diffrac-
ion patterns contained {0 0 1} and {1 1 0} reflections. The high
esolution TEM image showed that the growth direction along
he fiber length was along the [0 0 1] direction of orthorhombic

ullite in that section of the fiber. The lattice parameters mea-
ured from the high resolution TEM micrograph corresponded
o those reported for {0 0 1} and {1 1 0} planes of 3:2 mullite.

. Conclusion

The feasibility of growing textured mullite fibers by heat
reatment of polycrystalline fibers was demonstrated using the
uadrupole lamp furnace. Mullite whiskers were prepared as
emplates for templated grain growth. The crystallite size growth
ate and shape were examined by micrographic analysis and
n situ synchrotron X-ray diffraction analysis. With the anal-
sis by the Williamson–Hall method, the crystallites showed
nisotropy. The growth rate along the c-axis was higher than
n the [1 1 0] direction. Three weight percent of titania dopant
as added to enhance elongated mullite grain growth. Repeated
eat treatments of templated fibers resulted in mullite fiber with
bamboo-like microstructure consisting of large grains. The
icrostructure of one heat treated mullite fiber was examined

y transmission electron microscopy. It was confirmed that the
rown direction along the fiber length was the [0 0 1] direction of
rthorhombic mullite. With an optical microscope in transmitted
olarized light analysis, those bamboo-like grains showed total
xtinction along the fiber length direction.
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