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ABSTRACT Electrospun TiO, nanofibers, consisting of anatase phase TiO, single-crystalline crystallites with sizes of ~10 nm, were
impregnated into an Al 1100 alloy by the technique of friction stir processing (FSP). The studies of the resulting TiO,—Al composite
revealed that the electrospun TiO, nanofibers with diameters of ~200 nm were broken into nanoparticles during FSP; the in situ
generated pristine surfaces led to the interfacial reaction between TiO, and Al and resulted in the formation of strong interfaces
between the electrospun TiO, nanoparticles and the Al 1100 matrix. This was evidenced by the fact that the filler—matrix fracture
always occurred on the Al matrix side in the interfacial region. Consequently, the TiO,—Al composite made from the electrospun
TiO, nanofibers possessed a significantly higher Vickers hardness than that made from a commercially available anatase phase TiO,
nanopowder, of which the organic and/or carbonaceous contaminants on the surface impeded the interfacial reaction between TiO,

and Al during FSP.
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riction stir processing (FSP) is an emerging technique

that can be utilized to modify local microstructures

of metals (e.g., Al and Mg) and their alloys. FSP uses
the same methodology as friction stir welding, which is a
solid-state joining technique invented at the Welding Insti-
tute (TWI) in the U.K. approximately 20 years ago for
welding aerospace Al alloys that were not able to be joined
through the conventional fusion welding method (1, 2). To
perform FSP on a metal plate, a specially designed cylindri-
cal tool is stirred at a high speed and plunged into a selected
area. The nonconsumable tool has a small-diameter pin with
a larger-diameter coaxial shoulder. When the tool ap-
proaches the selected area, the stirring pin contacts the
surface first and rapidly softens a small column of metal with
the generated frictional heat. The shoulder then makes
contact with the metal surface, restricting further penetration
while generating more frictional heat and causing an intense
plastic deformation of a larger cylindrical metal column
around the inserted pin. The dynamic recrystallization of
metal in the stirred zone results in finer and more homoge-
neous grain microstructures, which can be controlled by
carefully choosing the tool’s geometry as well as the pro-
cessing parameters. Because the microstructural refinement
induces superplasticity, FSP is an effective method to tailor
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and/or improve the surface characteristics as well as me-
chanical properties of metallic materials (3, 4).

Recently, the development of metal matrix composites
with ceramic and/or carbonaceous additives using FSP has
been attracting growing attention because the increasing
demand for high-performance and lightweight materials in
the aerospace and automobile industries as well as for
military applications such as protective armors. Inspired by
the study reported by Mishra and co-workers (5), where SiC
was stirred into Al and the resulting composite showed
significantly higher mechanical properties, numerous re-
search efforts have been devoted to the innovative surface
and/or bulk metal matrix composites including SiC—Mg (6),
carbon nanotubes—Mg (7), SiO,—Mg (8), ZrO,—Mg (9), and
nitinol—Al (10). Many of these composites showed distin-
guishably improved surface characteristics and/or mechan-
ical properties; nonetheless, they were exclusively prepared
from powders with particle sizes ranging from micrometers
to nanometers. Presently, the rapidly developing technique
of “electrospinning” provides a straightforward and cost-
effective approach to preparing an interesting type of ce-
ramic material termed “nanofibers” with diameters ranging
from submicrometers to nanometers and aspect ratios of
1000 or higher. Electrospun ceramic (e.g., SiO, and TiO»)
nanofibers are generally prepared by electrospinning spin
dopes containing ceramic precursors and carrying polymers
followed by high-temperature pyrolysis (11 —14). It is an aim
of this study to prepare, characterize, and evaluate a metal
matrix composite made from this interesting type of ceramic
material (specifically the electrospun TiO, nanofibers) using
the technique of FSP. It is noteworthy that the detailed
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FIGURE 1. Scanning electron microscopy images showing the representative morphologies of (A) the as-electrospun precursor nanofibers
containing PVP and TNBT, (B) the final electrospun TiO, nanofibers after pyrolysis, and (C) the commercial TiO, nanopowder. The HRTEM
images (bottom) and the corresponding electron diffraction pattern (inset) confirm that the electrospun TiO, nanofibers consisted of anatase

phase TiO, single-crystalline crystallites with a size of ~10 nm.

physical aspects of FSP have not been fully understood
despite the considerable advancement of the technique in
the past decade. Previous research suggested that the de-
velopment of metal matrix composites via FSP was achieved
under solid-state conditions, with no interfacial reaction
occurring between fillers and matrices during the processing
(3); however, no detailed studies of filler—matrix interfaces
generated during FSP have been conducted. It is the other
aim of this study to investigate the interfaces and the
resulting mechanical properties of the metal matrix com-
posites prepared via FSP, specifically the two TiO,—Al
composites prepared from the electrospun TiO, nanofibers
and a commercially available TiO, nanopowder, respectively.

Ramesh and co-workers reported that the impregnation
of TiO, particles into the Al 6061 alloy could lead to a higher
hardness and a lower wear coefficient of the resulting
composite (15). In our study reported herein, the Al 1100
alloy was selected because the content/purity of Al in the
alloy was high (>99%); it was thus more convenient to
investigate and interpret the structures and properties of the
resulting TiO,—Al composites prepared via FSP. High-resolu-
tion transmission electron microscopy (HRTEM) was em-
ployed to examine the interfacial regions between the TiO,
fillers and the Al matrices in the composites; additionally,
the Vickers hardness of the composites was measured and
analyzed.

The electrospun TiO, nanofibers were prepared using the
procedure developed by our group (16). The spin dope was
made by dissolving titanium(lV) n-butoxide (TNBT) and
poly(vinylpyrrolidone) (PVP) in N,N-dimethylformamide with
a trace amount of acetic acid to control the hydrolysis
(gelation) of TNBT. The electrospinning was conducted in an
open environment (inside a fume hood) at a room temper-
ature of 25 °C, and the applied voltage was set at 15 kV using
a high-voltage power supply (ES30P) purchased from Gamma
High Voltage Research Inc. (Ormond Beach, FL). Figure 1A
showed the representative morphology of the as-electrospun
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precursor nanofibers, which had diameters in the range of
50—500 nm. After these precursor nanofibers were placed
under ambient conditions for several days to allow the
moisture in the air to completely hydrolyze (gel) the TNBT
in the fibers, they were then pyrolyzed at 500 °C in air for
6 h to burn/remove the organic components. The final
electrospun TiO, nanofibers had diameters of ~200 nm, as
shown in Figure 1B. The HRTEM images in Figure 1 indicate
that the electrospun TiO, nanofibers were polycrystalline,
and the nanofibers were comprised of anatase phase TiO,
single-crystalline crystallites with a size of ~10 nm. A
commercially available anatase phase TiO, nanopowder
(Figure 1C) with an average particle size of ~200 nm,
purchased from Acros Organics (product number: 21358)
through Fisher Scientific Inc. (Pittsburgh, PA), was also
studied for comparison.

The electrospun TiO, nanofibers (or the commercial TiO,
nanopowder) were stirred into the Al 1100 alloy by the
modified FSP technique of friction stir spot-welding (plunge-
type) (17). During processing, holes with a diameter of 0.1
in. and a depth of 0.09 in. were first drilled in an Al 1100
alloy plate with a thickness of 0.125 in.; subsequently, the
holes were filled with 9 mg of nanofibers (or nanopowder)
and then covered by another Al 1100 plate with the same
thickness on the top. This was followed by stirring and
plunging of a fixed pin tool through the upper and lower
plates, as schematically shown in Figure 2A. The rotational
speed of the tool was set at 1400 rpm, while the plunging
speed and force were set at 0.3 ipm and 1000 Ib, respec-
tively. After the two plates were welded together by the
generated frictional heat (Figure 2B), the tool was retracted,
leaving a hole in the center of the spot and producing the
TiO,—Al composite in the nugget zone where the nanofibers
or nanopowder had been stirred into the Al matrix (Figure
2C). The samples for TEM examination were first cut from
the nugget zones and then mechanically ground and ion-
milled into thin specimens having the required thickness.
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FIGURE 2. Schematic representations of FSP on the electrospun TiO,
nanofibers or the commercial TiO, nanopowder into an Al 1100 alloy
and the formation of a nugget zone (TiO,—Al composite). The TEM
images show the representative morphological structures of the
TiO,—Al composites made from the nanofibers (C1) and the nan-
opowder (C2).

C. Retracting

To remove organic contaminants on the surface, all speci-
mens were treated in an E. A. Fischione Plasma Cleaner prior
to TEM examination. The HRTEM images indicated that both
the nanofibers and the nanopowder in the prepared TiO,—Al
composites primarily existed as nanoparticles with sizes
ranging from tens to hundreds of nanometers (images C1
and C2 in Figure 2). The electrospun TiO, nanofibers were
broken into nanoparticles because of the strong shear stress
associated with FSP. It appeared that most electrospun TiO,
nanoparticles within the composite consisted of multiple
grains, despite the fact that some completely separated,
single-crystalline grains could occasionally be found. Figure
3 is a representative HRTEM image showing the interfacial
region between an electrospun TiO, nanoparticle and the
surrounding Al matrix. Energy-dispersive X-ray spectroscopy
(EDS) along with TEM was employed to analyze the elemen-
tal compositions at different locations. In a typical EDS
examination of an electrospun TiO, nanoparticle, the high
Al concentration was identified at spot A (Figure 3A), which
was located at the boundary of the TiO, particle. The Al
concentrations at spots B—D (Figure 3B—D), with locations
gradually away from the boundary, were significantly lower.
Itis noteworthy that the differences of the Al concentrations
between spot A and spots B—D were quite large, whereas
those among spots B—D were relatively small. This sug-
gested an interfacial reaction instead of a bulk reaction
occurred between the Al matrix and the electrospun TiO,
nanoparticle during FSP. To further study the interface and
eliminate the influence of the Al matrix in the EDS results,
several TiO, nanoparticles that were partially protruded from
the Al matrix in the TiO,—Al composites prepared from
either the electrospun TiO, nanofibers or the commercial
TiO, nanopowder were identified and examined. The pro-
truded electrospun TiO, nanoparticles showed consistent
EDS results at different locations on the boundary where Al
was the overwhelming component (Figure 4A—C, top). On
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the other hand, the protruded TiO, nanoparticles from the
commercial nanopowder showed different EDS results at
different locations on the boundary; i.e., Al was the over-
whelming component at some locations, while both Al and
Ti were significant components at other locations (Figure
4A—C, bottom). These results suggested that the electrospun
TiO, nanoparticles formed relatively strong interfaces with
the matrix in the composite and the filler—matrix fracture
always occurred on the Al matrix side in the interfacial
region; in contrast, the commercial TiO, nanoparticles
formed relatively weak interfaces and the fracture could
occur in either the filler or the matrix side in the interfacial
region. It was our speculation that the thickness of the
interfaces, if there was any, in the TiO,—Al composite
prepared from the nanopowder was significantly thinner
than that prepared from the nanofibers.

The processing temperature during FSP was in the range
of 300—500 °C for Al alloys (18, 19), which was well below
the melting point of Al (660 °C). According to the Ellingham
diagram for the reduction reactions of metal oxides (20), the
Al/AL,Os5 line is under the Ti/TiO; line when the temperature
is below 600 °C. This indicates that the Gibbs free energy
of the reaction between Al and TiO, at the FSP processing
temperature is negative; i.e., the reaction is spontaneous
and/or favorable. In the meantime, our study showed that
the reaction only occurred in the interface, and this was
because both Al and TiO, (melting point: 1855 °C) were in
the solid state at the FSP processing temperature. Similar
results were reported by Chen and co-workers (21): they
prepared TiO, films on Al substrates by dip-coating followed
by pyrolysis at 450 °C; their results indicated that Al diffuses
into TiO, and Al,O5 was found at the boundary between Al
and TiO,. It is noteworthy that the lack of reaction evidence
between TiO, and Al during FSP from X-ray diffraction
analysis in a previous report (22) is probably due to the fact
that the reaction only occurs at the interface; therefore, the
resulting product of Al,O5 can only be detected by direct
examination of the interface like what we did in this study.

When the two TiO,—Al composites are compared, it was
found that the interfacial differences resulted from the
surface discrepancies of the impregnated TiO, nanoparticles
in the composites. For the composite made from the elec-
trospun TiO, nanofibers, the in situ generated TiO, fresh
surface was pristine and superhydrophilic (water contact
angle close to 0°) (23). The interfacial reaction between Al
and TiO, could readily occur. On the contrary, the surface
of the commercial TiO, nanopowder was contaminated by
organic substances; this was because TiO, had a high
tendency to adsorb organic substances in air, as evidenced
by the recent reports on the mechanism of UV-induced
superhydrophilicity on TiO, surfaces (24, 25). The presence
of organic and/or carbonaceous contaminants on the surface
of TiO, impeded the interfacial reaction between Al and
TiO,. This is because carbon cannot reduce TiO, in the FSP
processing temperature range according to the Ellingham
diagram (20), in which both C/CO and C/CO, lines lie above
the Ti/TiO, line at the temperature below 600 °C. The
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FIGURE 3. Representative HRTEM image showing an electrospun TiO, nanoparticle in the TiO,—Al composite and EDS examinations of the

elemental compositions at four locations (A—D).
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FIGURE 4. Representative TEM images showing two protruded TiO, nanoparticles from the electrospun TiO, nanofibers (top) and the commercial
TiO, nanopowder (bottom) in the TiO,—Al composites and the respective EDS examinations of the elemental compositions at three locations

(A—C) in each composite.

occurrence of an interfacial reaction between the Al matrix
and the electrospun TiO, nanoparticles resulted in the
formation of an interface, which was much stronger than
that between the Al matrix and the commercial TiO, nano-
particles. This was supported by the fact that the filler—matrix
fracture always occurred on the Al matrix side in the
interfacial region for the composite containing electrospun
TiO, nanoparticles, while the fracture could occur in either
the filler or the matrix side in the interfacial region for the
composite containing commercial TiO, nanoparticles (Figure
4).

The microhardness test revealed that the TiO,—Al com-
posite prepared from the electrospun TiO, nanofibers pos-
sessed a significantly higher Vickers hardness than the
composite prepared from the commercial TiO, nanopowder
(Figure 5), confirming a stronger interface between the Al
matrix and the electrospun TiO, nanoparticles. Because TiO,
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was filled in a drilled hole for FSP, the mixing of TiO, and Al
only happened in the nugget zone (Figure 2). Because no
TiO, was beyond the nugget boundary, the hardness of both
composites had similar values outside the nugget zone.
Because of the fact that the drilled hole was much smaller
than the final nugget zone, there was an expected gradient
of the TiO, concentration from the nugget boundary, result-
ing in the hardness variation as a function of the distance
from the nugget boundary. It is noteworthy that several
parallel experiments were carried out during this study, and
the profile as shown in Figure 5 was representative. The
preparation and evaluation of the samples in each of the
parallel experiments were carried out under exactly
the same conditions. The reason that there was no standard
deviation included in Figure 5 was because the actual
distances of the measuring spots (from the nugget bound-
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FIGURE 5. Variations of the Vickers hardness in the two TiO,—Al
composites made from the electrospun TiO, nanofibers (M) and the
commercial TiO, nanopowder (®).

aries) for the microhardness tests were not exactly the same
in each of the parallel experiments.

In summary, this research has demonstrated that an
interesting type of ceramic material (i.e., electrospun TiO,
nanofibers) can be utilized for the development of metal
matrix composites via FSP. The prepared electrospun TiO,
nanofibers with diameters of ~200 nm were polycrystalline
and consisted of anatase phase TiO, single-crystalline crys-
tallites with a size of ~10 nm. When the electrospun TiO,
nanofibers were stirred into an Al 1100 alloy, the strong
shear stress associated with FSP tended to break the nanofi-
bers into nanoparticles with sizes ranging from tens to
hundreds of nanometers, and the in situ generated pristine
surfaces of TiO, facilitated the interfacial reaction between
Al and TiO, and further resulted in the formation of strong
interfaces between the electrospun TiO, nanoparticles and
the Al matrix in the TiO,—Al composite, as evidenced by the
filler—matrix fracture always occurring on the Al matrix side
in the interfacial region. In contrast, the TiO,—Al composite
made from a commercially available anatase phase TiO,
nanopowder with particle sizes ranging from tens to hun-
dreds of nanometers formed relatively weak interfaces
because of the presence of organic and/or carbonaceous
contaminants on the TiO, surface, which impeded the
reaction between Al and TiO,, and the filler—matrix fracture
could occur in either the filler or the matrix side in the in-
terfacial region. Consequently, the TiO,—Al composite made
from the electrospun TiO, nanofibers possessed a signifi-
cantly higher Vickers hardness than the control sample that
was made from the commercial TiO, nanopowder. Col-
lectively, not only did this research improve the fundamental
understanding of the FSP technique as well as the micro-
structures and properties in the resulting metal matrix
composites but also the study suggested that the innovative
materials of electrospun ceramic nanofibers could play an
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important role in the development of novel metal matrix
composites with desired surface characteristics and/or me-
chanical properties.
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