Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 31 (2011) 723-731

Growth mechanism of single-crystal a-Al,O3; nanofibers fabricated by
electrospinning techniques

Pei-Ching Yu?, Rung-Je Yang?, Yi-Yang Tsai®, Wolfgang Sigmund®¢, Fu-Su Yen®*

2 Department of Resources Engineering, National Cheng Kung University, No. 1 University Road, Tainan 70101, Taiwan, ROC
b Department of Materials Science and Engineering, University of Florida, Gainesville, FL 32611-6400, USA
¢ WCU Energy Department, Hanyang University, Seoul, South Korea

Received 1 April 2010; received in revised form 2 November 2010; accepted 21 November 2010
Auvailable online 17 December 2010

Abstract

Crystal-growth-related microstructures and the length-to-diameter ratio of a single-crystal-type a-Al,O3 nanofiber were examined using HR-TEM
techniques. The fibers exhibited diameters ranging from 50 to 100 nm and lengths of several tens of micrometers. During thermal treatments, the
alumina fiber went through phase transformations similar to boehmite. Therefore, the phase evolution, especially the final 6- to a-Al,O; stage of
the phase transformation, may be the determining factor in the microstructural evolution of the nanofibers. HR-TEM techniques were utilized to
demonstrate that the single crystals were formed by the coalescence of well-elongated a-Al, O3 colonies. The fibers grew in the [110] or [1 1 2]
direction instead of [00 1]. A thermodynamic analysis revealed that if the a-Al,O3 nanofiber that transformed from 6-Al,O3 behaved in a stable
manner, there could be a size ratio limit for the length and diameter of each a-Al,O5 colony. The smallest potential diameter was calculated to be

around 17 nm.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The technology used to manufacture continuous high-
alumina fibers at the mass production scale was developed in
1963.! This polycrystalline fiber has mainly been used in the
refractory industry. The dimensions of these types of fibers were
micrometers in diameter and centimeters in length. Two pro-
cesses, denoted as the slurry and solution (or sol—gel) processes,
have been developed to produce these alumina fibers.” These
techniques differ in the methods utilized to prepare precursors.
The former uses an aqueous suspension of Al,O3 particles, while
the latter uses solutions of aluminum?®=° or organoaluminum’
compounds. The subsequent processes in these two techniques
are more or less the same; these include the extrusion and draw-
ing of slurries or solutions, followed by drying and a final heat
treatment at high temperatures for the fibers. Normally, a-Al, O3
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fibers are obtained through a sequence of phase transformations
(i.e., non-crystalline/amorphous Al,O3 — y- — 8- — 0- > a-
Al»O3). Dissolved organic polymers are sometimes added to
control the rheology (e.g., viscosity, stability of slurries or solu-
tions) of the precursors to facilitate the formation processes.’
The main advantages of these two processes are as follows:
applicability in mass production; control of crystalline phases
generated in the fibers via thermal treatment; determination
of fiber chemical composition from starting materials; and no
required catalysts or substrates for fiber growth. However, at
this time, single-crystal a-Al,Oj3 fibers have not been fabricated
in industry using these processes.

Single-crystal Al,O3 fibers were first produced in 1996.8
This type of fiber is both thermally and chemically stable, in
addition to having a higher elastic modulus as compared to poly-
crystalline fibers.! Therefore, these fibers are mainly used in
the reinforcement of composite materials such as metal matrix
composites (MMCs). Instead of the several-micrometer-sized
diameters achieved for polycrystalline fibers, single-crystal
fibers can be <100 nm in diameter and have lengths reaching
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tens of micrometers. Several methods have been reported for
the production of these types of fibers. However, such tech-
niques usually involve processes that are assisted by catalysts
or substrates, especially for methods that are conducted using
models of tip growth and basal growth.> In 1996, Lawrence
Berkeley National Laboratory (Berkeley, CA, USA) produced
the first single-crystal Al O3 fibers using the vapor—liquid—solid
(VLS)? deposition technique, in which sapphire was used as
the substrate and molten Pt droplets were introduced onto the
substrate to act as catalysts.® Later approaches have adopted
a so-called “displacement reaction” by heating mixtures of
powder aluminum (Al) and metal oxides, such as Si0,,10-17
M003,17 WO3,17 or SiC!® in an argon atmosphere to fabri-
cate single-crystal fibers, whiskers, and nanowires. The growth
of the fibers/whiskers was found to be mostly in the [00 1]
direction through the VLS mechanism'®-!>1% or through a
mechanism that is analogous to Ostwald ripening.'®!” Both of
these mechanisms are categorized as tip growth models, result-
ing in characteristic round droplets or slight sharp curvatures on
the tips of the fibers/whiskers. A similar method (basal growth)
of growing a-Al,O3 whiskers in an aluminum-based MMC
has been reported using an internal oxidation reaction between
aluminum and molybdenum oxide (MoO3) at 850 °C.19 The -
Al>O3 whiskers obtained were, on average, | um in diameter and
10 pm in length. Similarly, the basal [00 1] growth model has
been confirmed by energy dispersive spectrometer (EDS) and
microstructure analyses. However, it is not easy to prepare these
types of single-phase powders or to achieve a high chemical
purity using the displacement reaction.

Electrospinning is another useful technique for the produc-
tion of continuous polymeric and ceramic nanofibers.?%>! This
process normally consists of two steps, being similar to the con-
ventional solution processes.? First, spun fibers composed of a
ceramic precursor, polymer and solvent are obtained. Second,
ceramic fibers are formed using appropriate thermal treatments.
The first ceramic nanofibers prepared by this method were
reported in 2002.2921 Since then, more than 20 varieties of
ceramic fibers (e.g., SiO2, ZrO,, TiOy, and Al,O3) have been
produced.???>?3 Fibers formed using this method have been
prepared with diameters of <100 nm. Most of these fibers are
polycrystalline. There are few reports of single-crystal a-Al, O3
nanofibers fabricated by electrospinning. The first preparation
of single-crystal a-Al,O3 nanofibers by electrospinning was
reported in 2006.2* Nevertheless, the growth mechanism of a-
Al>O3 nanofibers has not been discussed.

The production of single-crystal a-Al,O3 nanofibers could
be more economical if the nanofibers were obtained by methods
similar to the current conventional means. Alternatively, it could
be more practical to manufacture the nanofibers via the thermal
treatment of fibrous precursors that are prepared by methods sim-
ilar to those used in the manufacture of polycrystalline fibers.
From this perspective, there are two crucial issues to be resolved:
(1) the dimensions of the as-prepared fiber precursors should be
controlled to certain sizes to result in Al,O3 fibers with diam-
eters of <100 nm, and (2) the shape of the precursors must be
maintained during subsequent thermal treatments. Of course,
for the formation of a fiber crystallite, the basic thermodynamic

Table 1
Comparison of electrospinning conditions adopted in the reference and the
current study.

Electrospinning conditions Reference?* Current study
Needle size, gauge 23 16

Distance between needle and collector, cm 10 10

Flow rate, ml/h 0.03 0.9

Voltage, kV 7-9 9

requirements must be satisfied. At this point, the two issues are
ready to be solved.

This study focuses on the second issue listed above.
Examinations of the crystal-growth-related microstructures and
the thermodynamic-related size ratios (length-to-diameter) of
a-Al> O3 nanofibers were performed using high-resolution trans-
mission electron microscopy (HR-TEM). These analyses were
aimed at formulating the growth mechanism of single-crystal-
type a-Al,O3 nanofibers. First, we assumed that the nanofibers
could be obtained using a two-step fabrication process. To
fit this assumption, single-crystal a-Al,O3 nanofibers with
diameters of <100 nm were prepared using the electrospinning
technique.’%?! Several previous reports’*> were utilized to
select the appropriate fabrication conditions. To satisfy the ther-
modynamic requirements for nanofiber crystallite formation,
the total free energy changes of the phase transformation (6-
to a-Al,O3 phase transformation®*2°) were analyzed. The 6-
to a-Al,O3 phase transformation is achieved by the nucleation
and growth mechanism.?’? Thus, the thermodynamic stabil-
ity of the crystallites is related to their volume and surface free
energies.”® Based on this, the diameter and length that make up
the volume and surface of the nanofiber crystallites could pre-
sumably experience certain limitations. The length-to-diameter
ratios of the nanofibers were briefly examined. Finally, the small-
est nanofiber diameter was calculated.

2. Experimental
2.1. Fibrous precursor preparation

As-prepared fibrous precursors forming a-Al,O3 nanofibers
were obtained by the electrospinning technique. The report by
Azad** was used to guide the selection of the Al,O3 precur-
sor, polymer and solvent. Aluminum 2,4-pentanedionate (AP;
Al(CH3COCHCOCH3)3; 99% purity; Alfa-Aesar, USA) dis-
solved in acetone (Fisher Chemicals, USA) was used as the
precursor for the synthesis of alumina fibers. Granular polyvinyl
pyrrolidone (PVP, average molecular weight ~1.3 x 10°, Acros,
USA) was used as the polymeric component and dissolved in
ethanol (Acros, USA). For the experimental conditions, some
parameters were modified from the reference (Table 1). During
electrospinning, as-spun fibers were collected on a silicon wafer
for observation under a scanning electron microscope (SEM).
Fig. 1(a) displays the SEM micrographs of as-spun fibers, show-
ing diameters in the range of 200-400 nm.
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Fig. 1. SEM micrographs of as-spun fibers (a) and nanofibers calcined at 1000 °C (b), 1150 °C (c), and 1200 °C (d).

2.2. Thermal treatments

To obtain a-Al,O3 nanofibers, thermal treatment processes
were performed in a tube furnace with flowing inert argon
gas. Volatile organic matters usually experience incomplete
combustion at lower temperatures. In this study, at temperatures
<750°C, flowing inert argon gas was adopted to carry most
part of volatile matters out as well as preventing combustion of
the organics which might destroy the fabricated morphologies
of as-spun fibers. As temperature raised (>750 °C), the argon
flow was gradually replaced by air as to remove the residual
organic matters. It seems a complete burnout of organics can be
achieved in this case. And Al,O3 fibers were fabricated at higher
temperature without residue of carbon. As-spun fibers collected
on a silicon wafer were placed in alumina crucibles and ther-
mally treated to the programmed temperatures (800—1300 °C)
at a heating rate of 10 °C/min. After the furnace was cooled, the
calcined samples were collected for further characterization.

2.3. Characterization

The thermal behavior of as-spun fibers was examined by
simultaneous differential thermal analysis (DTA/TG, Setaram
TGA 92, Setaram Instrumentation, Caluire, France) using
ignited alumina as the reference material. The heating rate was
10 °C/min, reaching a maximum temperature of 1450 °C. The
crystalline phase was identified by XRD (Rigaku MiniFlex,
Rigaku Corp., Tokyo, Japan) powder methods®' using CuKa
radiation (26 =20-80°). The morphology and microstructures

of the fibers were studied by scanning electron microscopy
(SEM, JEOL SEM 6400) and transmission electron microscopy
(TEM, Hitachi HF-2000; HR-TEM, FEI Tecnai F20). To pre-
pare TEM samples, calcined samples were placed in ethanol,
and ultrasonic treatment was utilized to form a suspension. A
drop of the suspension was allowed to fall through a carbon-
coated copper grid, leaving the powder on the grid for TEM
examination.

3. Results and discussion
3.1. Fiber morphology

Fig. 1 displays SEM micrographs of as-spun fibers and
the thermally treated a-Al,O3 nanofibers. As shown in the
figure, individual as-spun fibers with identical morphological
features were prepared, and they exhibited diameters in the range
of 200-400nm (Fig. 1(a)). The fibrous and continuous mor-
phologies were well retained for the as-spun fibers, despite a
significant decrease in diameter after thermal treatments.

3.2. Phase evolution analysis

The DTA profile of the as-spun fibers is presented in Fig. 2. A
series of reactions, include dehydration, polyvinyl pyrrolidone
(PVP) burnout, and decomposition of organic groups, from the
organometallic precursor occurred sequentially prior to reach-
ing 800 °C.3? An exothermal peak appeared at around 1200 °C.
This coincided with the temperature for the formation of a-
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Fig. 2. DTA profile of the as-spun fibers with a heating rate of 10 °C/min. a-
Al,O3 occurs at 1200 °C.

phase alumina, in general.’® The corresponding XRD patterns
for alumina phase identification are presented in Fig. 3. At
800 °C, the peaks are broad, revealing that the calcined fibers
were amorphous/microcrystalline. As the thermal treatments
progressed, y-Al,O3 was the principal phase observed at 1000
and 1050 °C, although 8-Al, O3 was also identified. The peaks of
o-Alp O3 appeared and y-Al,O3 almost disappeared at 1100 °C.
In the range of 1100-1200 °C, the nanofibers of -, 6-, and a-
Al,O3 co-existed. Finally, at 1200 °C, the pure-phase a-AlyO3
fiber was the only phase present. From the above results, the
phase evolution of alumina fibers in this study can be shown as
follows:

Amorphous/microcrystalline—y-Al,O3 — 8-Al,O03 — 6-
A1203 — OL-A1203.

This is the typical phase transformation route of boehmite to
a-Al>O3.
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Fig. 3. XRD patterns of Al,O3 nanofibers calcined at temperatures of 800—1300 °C. The pure a-phase of the Al,O3 nanofibers was obtained at 1200 °C.
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Fig. 4. TEM bright-field images and corresponding diffraction patterns of a-Al, O3 nanofibers calcined at 1200 °C, showing continuity with the electronic diffraction
(ED) patterns and the elongation directions.
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Fig. 5. ED patterns (a) and HR-TEM images (b) of the square area in Fig. 4(b). Some spots are separated in the ED pattern of region B, demonstrating the low-angle
grain boundary that resulted from the coalescence of well-elongated a-Al> O3 fibers.

3.3. Single-crystal alumina nanofibers

a-Al, O3 nanofibers were formed by the coalescence of well-
elongated a-Al, O3 colonies. Fig. 4 shows the TEM micrographs
of a-Al,O3 nanofibers calcined at 1200 °C. Identical elec-
tronic diffraction (ED) patterns were taken at regions A and B
(Fig. 4(a)), as well as regions C, D, E and F (Fig. 4(b)), indicating
that the crystal orientations were the same throughout the sample
and that the nanofibers possessed a single-crystal structure. ED
patterns also revealed that the a-Al,O3 nanofibers grew along
the [1 1 2] or [1 10] directions. Fig. 5 shows the ED patterns and
HR-TEM images of the connection point of the square area in

Fig. 4(b). All ED patterns exhibited the same zone axis. However
separate spots were well documented in the ED patterns of region
B. The HR-TEM images (Fig. 5(b)) confirm that there was a low-
angle grain boundary in this area. Penn and Banfield** pointed
out that crystal defects observed by HR-TEM can be attributed to
the growth process when nanocrystals grow via oriented attach-
ment. The crystal with a small misorientation in the interface
is called defective single crystal.>> The growth mechanism of
coalescence is analogous to that of oriented attachment, which
is a growth process describing that two or more small crystal-
lites can merge and then rotate to form a large single crystal. In
this study, low-angle grain boundary observed could be an evi-
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Fig. 6. EDS analysis of the nanofibers shows that only Al and O were identified.

dence that single-crystal a-Al,O3 nanofibers were formed by
the coalescence of well-elongated a-AlyO3 colonies.

From the EDS analysis (Fig. 6), only Al and O were identified,
meaning that the silicon wafer did not participate in the reac-
tion. The coalescence growth of a-Al,O3 nanofibers behaved
in a manner similar to the vermicular growth?6-30 of a-Al,03
crystallites. The main difference between these two processes is
that the growth of a-Al; O3 nanofibers is restricted by the outline
of the spun fibers. Furthermore, coalescence can only occur at
the ends of each elongated unit.

3.4. Thermodynamic description

The nucleation and growth mechanism has been considered
as the elementary procedure for forming a new phase.’*3° For
thermodynamic consideration, the total free energy change AG,
for the formation of this new phase is the sum of the changes
in the surface energy SAy and volume energy VAGv. Based on
this, the following relation applies:

AG, = SAy + VAGv (H

where S and V are the surface area (m2) and volume (m3) of the
new phase, respectively. The parameters Ay and AGv are the
differences in surface free energy (J/m?) and volume free energy
(J/m?) between the initial phase and the new phase, respectively.
During phase formation, the new phase continues growing until
it exceeds the size beyond which it is thermodynamically stable.
At this point, the volume energy decrease overcomes the surface
energy increase, resulting in a total free energy change AG, <0.
For a spherical crystallite, Eq. (1) becomes the following expres-
sion:

1
AG, = nd’Ay + gndeGv 2)

where d; is the diameter of the new phase. The values of the
individual terms (i.e., 7d?Ay and 1/67d? AGv) and the sum
AG, against d in Eq. (2) are shown in Fig. 7(a). Clearly, at the
ds value represented by point A (AG,=0) and higher, beyond
AG, <0, the spherical crystallite is thermodynamically stable.
When the shape of the stable spherical crystallite deforms
from a sphere to a fiber without changing volume, the surface

a
+
AG
0 ds
b
-E Lf {
T
: (D
2 5
Fl F2 F3

Fig. 7. The AG, values increase for a spherical particle with fixed volume as
the shape changes from a sphere to a fiber. AG, increases from AG,; to AG,»
and then to AG,3, corresponding to the surface energy increases from points Sy
to > and then to S3 (a), as the shape changes from F1 to F2 and then to F3 (b).

area of the crystallite Sy will increase correspondingly. Thus, Eq.
(1) becomes the following expression:
AG, = SrAy + ViAGo 3)

Assuming that the ends of a fiber with length Ly are hemi-
spherical (Fig. 7(b)), the surface area and volume Vy of the fiber
can be expressed as Egs. (4) and (5):

Sf=JTd%—i-7‘[df~Lf>7td§~ “4)
1 3 1 2 1 3

Substituting Egs. (4) and (5) into Eq. (3), we obtain the fol-
lowing relation:

1 1
AG, = (nd]zc +mdy - Ly)Ay + (67Tdf3 + anjzc . Lf> AGv

where dr and Ly are the diameter and length of a fiber, respec-
tively. For the fiber to be thermodynamically stable, the surface
energy change of the fiber SfAy must be less than the vol-
ume energy change V;AG, (or ViAG,). Thus, the following
relationships can be expressed:

Sf'AVE_Vs'AGv ©6)
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Fig. 8. The predicted ranges of dy and Ly of a-Al,O3 nanofibers with the corre-
sponding dy of a sphere. The dashed lines represent the limits of dy and Ly for
the a-Al; O3 nanofibers. The symbols (Hl and @) represent the measured dy and
Ly data of coalesced a-Al,O colonies in this study.

or:
1
(md} +7dy - Ly)Ay < — <6nd§’> AG, (7

From Eq. (5), the Ly expressed by df and d; can be obtained
as follows:
2 (dy?
Ly== c

114 8
3 df3 4 ®

Substituting for Ly in Eq. (7) with Eq. (8), we have the fol-
lowing expression:

AG
2d 7 + < Ay” ds3> df+4ds <0 )

If AG,, Ay, and d; are known, the theoretical minimum
value of dy can be obtained from Eq. (9). Then, the theoretical
maximum value of Ly can also be obtained from Eq. (8).

Fig. 7 depicts the increase in surface energy of a particle
at a fixed volume. As the shape deforms from a sphere F1 to
a slightly elongated particle F2 and then to a well-elongated
fiber F3, the surface energy will increase from state S1 to S2,
finally reaching state S3. Consequently, the total free energy
change AG, increases from state G1 to G2, finally reaching
state G3.

A thermodynamic calculation of Egs. (9) and (8) is proposed
in this study using values of Ay and AGv that have been reported
previously.?®4%4! The surface and volume free energies of 6-
Al O3 are taken as 2.16 J/m? and —73.316 x 10° J/m?, and those

of a-Al,03 are 2.64 J/m? and —73.429 x 10° J/m>. Fig. 8 repre-
sents the ranges of dy and Ly for stable a-Al,O3 nanofibers with
the corresponding d; value of a sphere (dashed lines). This fig-
ure also shows the values of dr and Ly for 20 measured a-Al>O3
colonies that were synthesized in this study. Clearly, the values
of drand Ly are between the two predicted limiting lines. In addi-
tion, Eq. (6), S¢ - Ay < —V; - AGy, is well documented. From
thermodynamic calculations, the theoretical smallest diameter
of a a-Al>,O3 nanofiber is around 17 nm.

4. Conclusions

This study examined the growth-related microstructures
and the length-to-diameter ratio of single-crystal-type a-Al,O3
nanofibers using HR-TEM. Fibers with cross-sectional diame-
ters of <100 nm were fabricated by an electrospinning method.
The single-crystal nanofibers were found to form via the coa-
lescence of well-elongated a-Al,O3 colonies. The long axis
grew in the [1 10] or [1 12] directions. The length-to-diameter
ratio of each colony followed the thermodynamic requirement
that the surface energy must be lower than the volume energy,
S¢ - Ay < =V, - AG,. Thus, there exists a size ratio limit for the
length and diameter of each a-Al,O3 colony. Thermodynamic
calculations showed that the theoretical smallest diameter of a
a-Al, O3 nanofiber is around 17 nm.
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