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Abstract

Titanium dioxide (TiO,) nanowires were grown on Ti - 6wt% Al - 4wt% V (Ti64) particles by thermal oxidation. To investigate the
effect of stress on nanowire growth, the particles were milled in a planetary ball mill prior to the thermal oxidation. Thermal oxidation
of the Ti64 particles was carried out in a horizontal tube furnace in a controlled oxygen atmosphere in the temperature range of
700-900 °C. The oxygen concentration was varied from 20 ppm to 80 ppm in Ar atmosphere. Nanostructures were characterized by high
resolution field emission scanning electron microscopy, energy dispersive spectroscopy and X-ray diffraction. TiO, nanowires grew on
the surface of Ti64 particles and exhibited a square/rectangular cross sectional shape with thicknesses of 20-40 nm and lengths of
2-3 um. Residual stress was found to play a significant role in nanowire growth. This was confirmed by growing TiO, nanowires on Ti64
alloy sheet with an induced stress gradient along its length. An improvement in nanowire coverage was observed in regions of high
residual stress. A stress-induced growth mechanism is suggested to explain the confinement of nanowire growth to one dimension during

thermal oxidation.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanostructured materials have attracted much attention
in recent years for their unique properties, such as dimen-
sional characteristics [1-3], enhanced surface area [4—0],
quantum confinement [7,8] and electronic properties [9-11],
which can differ significantly from their bulk counterparts.
These opportunities have prompted research focused on
the fabrication, characterization and application of nanos-
tructured materials. Among these, nanostructured metal
oxides are of particular interest for use in electronic devices
due to their ease of fabrication, compatibility with other
materials and processes, and relatively low cost [12].
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More recently, one dimensional (1-D) TiO, nanostructures
have shown promise in applications such as dye-sensitized
solar cells [13—15], photocatalysis [16-18], photo-splitting of
water [19,20], chemical sensors [21,22], photoelectrochemical
cells [23], piezoelectronics [24] and bone implantation [25].
Several processes, including hydrothermal [26-28], electro-
spinning [29,30], anodization [31-34], nanocarving [21,35],
and UV lithography with dry plasma etching [36], have been
developed for the production of 1-D TiO, nanostructures.
Wet chemical processes such as hydrothermal, electrospin-
ning, and anodization require multiple chemical steps with
proper control of processing variables. Moreover, most of the
nanostructures produced by wet chemical route are amor-
phous, a distinct disadvantage for many engineering applica-
tions that require crystallinity. Solid state reaction processes
such as UV lithography and dry plasma etching are
complex and require high temperatures but result in
crystalline nanostructures. Recently, a simple low-cost
method to produce TiO, nanowires on commercially pure
Ti and Ti alloys by thermal oxidation has been reported
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[37,38]. By annealing a Ti substrate in laboratory grade
argon in the temperature range of 700-800 °C highly
anisotropic TiO, nanostructures were grown. Nanowire
growth by oxidation has several distinct advantages over
many of the previously discussed techniques, the most
significant of which being its low-cost and easy scalability
for the large scale production of TiO, nanostructures [38].

The stress state of a metal prior to oxidation has been
reported to be a critical component of nanowire formation
by oxidation. A stress induced growth mechanism was
proposed to explain the growth of CuO nanorods on Cu
foil by thermal oxidation in air [39,40]. Formation of Cu,O
(simple cubic structure) underneath a CuO (monoclinic
structure) layer during the thermal oxidation process
creates a substantial stress at the interface. Diffusion of
oxygen also accumulates stress at the interface of CuO/
Cu,0 layers. When the stress exceeds a critical level, the
oxide layer relaxes itself by the growth of 1-D nanostruc-
tures. The effects of residual stress on the formation of 1-D
TiO, nanostructures by thermal oxidation were unknown.
Here, we report for the first time the impact of residual
stress on the formation of TiO, nanostructure grown by
thermal oxidation. The process parameters for yielding a
high coverage of TiO, nanowires on commercially available
Ti-6wt% Al-4wt% V (Ti64) particles are also discussed.
Based on the results obtained, a possible mechanism is
presented to explain the growth of TiO, nanowires on Ti64.

2. Experimental procedure

As-received Ti64 particles (Powder Alloy Corporation,
USA) were milled in a planetary ball mill (Retsch: PM 400-
MA type) for up to 20 h at 250 rpm in ambient environ-
ment. Twenty four ZrO, balls (diameter: 1 cm and weight:
3 g) were used in the milling process. The ball to particle
weight ratio was 10:1 and the size of the particles before
and after milling was measured by a field emission
scanning electron microscope (FESEM: Zeiss Ultra-60).
After milling, the particles were cleaned in 30 vol% HCI
for 30 min followed by cleaning in distilled water. A
portion of the particles were characterized by an X-ray
diffractometer (XRD: PANalytical Empyrean) using CukK,,
radiation (0.1540598 nm) at 40 kV and 40 mA. To measure
the stress in the particles, the XRD-sin”y technique was
employed at different tilt angles () ranging from 0° to 40°
[41-43]. The incident X-ray beam was introduced through
a window having a width of 0.5 in., 0.125° divergence slit
and 0.0625° anti-scattering slit to contact the sample
surface at a fixed incident angle Q. A computer controlled
Omega-goniometer was used for i tilt.

After cleaning and washing, Ti64 particles were dis-
persed in ethanol with 5 wt% of particle loading. Approxi-
mately 10 pL of suspension was taken by using a
micropipette and slowly dropped on the alumina substrate.
The substrate along with the particles was then placed in a
quartz tube inside a horizontal tube furnace (Lindberg
Blue M: TF55035COMAL1). Before ramping the furnace

temperature, the quartz tube was purged with Ar gas for
10 min to remove any contamination. The furnace was
heated to 700-900 °C at a heating rate of 30 °C/min in a
controlled oxidizing environment of Ar/O, mixture. The
total flow rate of gas was maintained at 500 mL/min. The
oxygen concentration was varied from 20 ppm to 80 ppm
by using a digital mass flow controller (Sierra: CI00L-CM-
NR-2-0V1-SV1-PV2-V1). The particles were oxidized for
8 h and cooled inside the furnace in controlled atmosphere.
To observe the surface morphology of the particles after
oxidation, high resolution FESEM was employed. Ele-
mental analysis was carried out with energy dispersive
X-ray spectroscopy (EDS: EDAX-Genesis Utilities).
The phase of the resulting nanostructured oxide was
investigated by XRD techniques as previously described.

For stress gradient experiments, a Ti64 sheet (Good-
Fellow Cambridge Limited, England) having a dimension
of 25 mm x 3 mm x 1 mm was hammered at one end until
the strain reached a value of 0.6 mm/mm. The other end
was retained un-hammered. This created a gradual defor-
mation on the Ti64 sheet from one end to the other. The
sheet was cleaned using 50 vol% HCI followed by 50 vol%
H,SO, with a final cleaning in distilled water. The sheet
was then oxidized under optimum conditions for 8 h. After
oxidation, the surface morphology of the sheet was
characterized using FESEM.

3. Results and discussion

As-received Ti64 particles were milled for up to 20 h in a
planetary ball mill in ambient environment. Fig. 1 shows
FESEM micrographs of Ti64 particles in as-received and
milled conditions. The particle size was reduced progressively
with an increase in milling time. From this point forward, the
milling time will be used to designate Ti64 particles. For
example, as-received Ti64 particles will be represented as
‘Ti64—0 h’, while particles subjected to 2, 5, 10, 15 and 20 h
of milling will be represented as Ti64—2h, Ti64—S5 h,
Ti64—10 h, Ti64—15 h and Ti64—20 h, respectively.

The distribution and average size of the particles were
measured from FESEM images at 100 x magnification
using the linear intercept method and are shown in Fig. 2.
For each condition, a total of 330 particles were used to
evaluate the distribution and average particle size. With the
increase in milling time, the peak particle size was reduced
and the distribution became narrower. Fig. 2(b) shows the
effect of milling time on the average particle size. The
average size of the Ti64—0 h particles was 226.4 um which
reduced to 15.15 pm after 20 h of milling. The rate of size
reduction decreased with increasing milling time (Fig. 2(b)).

To optimize conditions for the growth of nanowires on
Ti64 particles the following strategy was adopted. First,
the oxygen concentration, milling condition and oxidation
time remained constant while the oxidation temperature
was varied. The Ti64-0h particles were subjected to
40 ppm of oxygen for 8 h in the temperature range of
700-900 °C. Nanowire growth occurred at the lowest test
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Fig. . FESEM micrograph of Ti64 particles after different milling time in hours: (a) Ti64—0 h, (b) Ti64—10 h, (c) Ti64—15h and (d) Ti64—20 h.
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Fig. 2. (a) Distribution of particle size at different milling hours and (b) effect of milling time on average particle size.

temperature of 700 °C (Fig. 3(a)). As the temperature
increased to 750°C, the coverage of nanowires increased
(Fig. 3(b)). At 850 °C, faceted rods (approximately 1 pm in
diameter) as well as some nanowires were observed
(Fig. 3(c)). At 900 °C no nanowires were found on the
Ti64 particles, only faceted grains were observed
(Fig. 3(d)). These observations are consistent with the
reported literature [37,38]. It has been previously reported
that at low temperature, the oxidation reaction is driven by
anisotropy with preferential growth on certain crystal faces
which leads to the formation of nanowires. This aniso-
tropy decreases at higher temperatures (800-900 °C), pro-
moting growth on other surfaces, leading to increased wire
diameters and the formation of facetted crystals.

The effect of oxygen concentration on nanowire growth
was also investigated. The temperature, milling condition
and oxidation time remained constant; only the oxygen

concentration varied. Fig. 4 shows FESEM micrographs of
Ti64—0 h particles after thermal oxidation at 750 °C with
varying oxygen concentrations ranging from 20 ppm to
80 ppm. At low oxygen concentrations (20 ppm) no nano-
wire growth was observed (Fig. 4(a)). Similarly, at higher
oxygen concentration (80 ppm) nanowire growth was not
observed (Fig. 4(d)). Nanowires formed only in the range of
40-60 ppm of oxygen as observed in Fig. 4(b) and (c). Close
examination of the micrographs indicates that nanowire
coverage increased in the 40 ppm oxygen environment.

To investigate the effect of milling, Ti64 particles were
subjected to different durations of milling prior to oxidation
at 750 °C for 8 h in 40 ppm oxygen. Nanowires formed on all
samples with varying coverage as shown in Fig. 5. The lowest
coverage of nanowires was observed on the Ti64—0 h sample
(Fig. 5(a)). The coverage increased with increased milling
time (Fig. 5(b)~(d)). The highest coverage of nanowires was
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Fig. 3. FESEM micrographs of Ti64—0 h particles after thermal oxidation for 8 h with 40 ppm of oxygen flow at (a) 700 °C, (b) 750 °C, (c) 850 °C, and
(d) 900 °C.
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Fig. 4. FESEM micrographs of Ti64—O0 h particles after thermal oxidation for 8 h at 750 °C with (a) 20 ppm, (b) 40 ppm, (c) 60 ppm and (d) 80 ppm
oxygen flow.

observed on the Ti64—20 h sample (Fig. 5(d)). Thus, milling Based on the above results, the optimum oxidation
of the particles prior to oxidation is advantageous for  conditions for nanowire growth are 750 °C with 40 ppm
nanowire growth. O, flow after 20 h of milling. The nanowires grown under
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Fig. 5. FESEM micrographs of Ti64 particles after thermal oxidation for 8 h at 750 °C with 40 ppm oxygen flow: (a) Ti64—0 h, (b) Ti64—10 h,

(c) Ti64—15h and (d) Ti64—20 h.

these conditions were investigated under high magnification
by FESEM as shown in Fig. 6(a). The nanowires grew with a
more or less rectangular cross sectional shape with an
average dimension of 2040 nm across. The length of the
nanowires varied from 2 to 3 pm. The crystal structure of the
resulting oxide was obtained by XRD as shown in Fig. 6(b).
The rutile phase of TiO, was observed along with a-Ti and
a-Al,O5 peaks. These results are consistent with the relevant
literature for Ti64 where a-Al,Oz is a known oxidation
byproduct [44]. FESEM analysis was performed on the
Ti64—20 h sample after oxidation at 750 °C in 20 ppm of
oxygen flow (Fig. 6(c)). EDS area analysis on this sample at
different positions showed the presence of Al in the oxides
with Ti, O and V peaks (Fig. 6(d)—(e)).

Compared with other methods for the production of
TiO, nanostructures, the process of thermal oxidation
yields several advantages most notable of which is the
easy scaling for mass production. The mechanism(s)
promoting the confinement to 1-D growth of TiO, nano-
wires is still under investigation. An increase in nanowire
coverage after milling strongly suggests that the stress state
of the metal prior to oxidation is of critical importance.
Nanowire growth in the present study may be driven by
the relaxation of stress similar to the mechanism reported
by Kumar et al. [39] to explain CuO nanowire growth.
A stress-induced growth mechanism of whiskers was first
proposed by Eshelby [45]. In this theory, energy required
to form a fresh surface is provided by the interaction of
metal with the surrounding atmosphere. A stressed surface
releases its residual stress by creating new surfaces such as

nanowires. In the case of copper, fine grained underlying
oxide layers prompt the outward diffusion of Cu atoms for
growing nanowires [40]. In the present case, the increased
nanowire coverage observed in the samples subjected to
increasing doses of milling (Fig. 5) is a possible evidence of a
stress-induced growth mechanism. An increase in milling
time is likely to induce more stress in the Ti64 particles. Thus,
the increase in nanowire coverage may be attributed to the
particle’s residual stress state resulting from ball milling.

The residual stress near the particle’s surface was evaluated
based on the XRD-sin?ys technique [41-43]. To determine the
surface profile and to select a suitable peak for residual stress
measurement, the particles were scanned in 20 region from
30° to 90° as shown in Fig. 7. Both o (hexagonal closed
packed) and B (body centered cubic) phases of Ti were
present in the as-received and milled particles. As the milling
duration increased, the diffraction peaks became shorter and
wider. Broadening of peaks is a possible evidence of an
accumulation of stress in the Ti64—20 h sample, but can also
be related to the particle size reduction. As a criterion to
determine the residual stress using the XRD-sin* technique,
the selection of diffraction peak should have the following
characteristics [46,47]:

1. The diffraction peak should be higher in Bragg angle (20).
Typically residual stress is measured by the Bragg angles
that occur at more than 130°. In this experiment, the
intensities of the peaks were very insignificant when
20 > 80°. For this reason, peaks that occurred below 80°
in 20 angle were considered to calculate the residual stress.
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Fig. 6. (a) FESEM micrograph of the Ti64—20 h sample after oxidation in optimal conditions, (b) X-ray diffraction peaks corresponding to (a), (c) low
magnification micrograph of the sample used for EDS analysis, (d) EDS spectrum taken at position ‘X’ and (e) EDS spectrum taken at position “Y” in (c).
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Fig. 7. X-ray diffraction (XRD) peaks of Ti64—0h and Ti64—20h
particles.

2. The selected diffraction peak should not overlap with
other diffraction peaks. For example, in Fig. 7 the
diffraction peaks that occur at approximately 77° and
78° in the Ti64—0 h sample overlap in the Ti64—20 h
sample. For this reason, peaks in this region were not
selected for residual stress analysis.

3. The diffraction peak should be single and well shaped
with high intensity. The peak from the (103) crystal
planes of «-Ti that occurred at approximately 71°
possessed all the properties required to determine the
residual stress. This peak was selected to investigate
further for residual stress measurements.

The Ti64—0h and Ti64—20 h particles were further
scanned in the 260 region from 70° to 73° at different tilt
angles () with a slow scanning speed. The tilt angles were

varied from 0° to 40° as shown in Fig. 8. For the Ti64—0 h
sample, a peak shift was not evident at different iy angles
but was obvious for the Ti64—20 h sample. The lattice
spacing (d) was plotted against sin’y as shown in Fig. 8(c).
The residual stress of the particles was calculated by the
following formula [41-43]:

E
14+v

m ()

where o is the residual stress, E the Young’s modulus, v the
Poison ratio and m the slope of the 20-sin® curve. By
considering E=115 GPa, v=0.31, m= —0.002 and 0.004
for Ti64—0 h and Ti64—20 h particles, respectively and
substituting these values in Eq. (1), the residual stresses
obtained for Ti64—O0h and Ti64—20 h particles were
approximately —175 MPa (tensile) and +350 MPa (com-
pressive) respectively. Residual stress determined from the
XRD-sin® method can contain uncertainty caused by
errors in the diffraction peak measurement, nonlinear
relation between lattice spacing (d) and sin®) due to the
grain interactions, anisotropic elastic property of crystal-
line materials and instrumental setup [47,48]. Nonetheless,
the estimated values show an accurate trend for the
accumulation of stress in the milled samples. It is noted
that Ti64—20 h particles were subjected to 20 h of milling
and had the highest coverage of nanowires. The XRD
analysis indicates the accumulation of stress in the
Ti64—20 h sample through peak broadening. As such,
stress induced growth is a plausible mechanism for the
nanowire growth. However, further studies are required to
prove this mechanism.
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Fig. 8. (a) XRD peak of (103) plan in Ti64—0 h sample, (b) XRD peak of (103) plan in Ti64—20 h sample and (c) d-sin® y plot for the Ti64—0 h and

Ti64—20 h particles.

To confirm the observed effects of stress on nanowire
growth, a Ti64 sheet having dimensions of 25mm X
3 mm x 1 mm was hammered at one end until the compressive
strain value of 0.6 of the original sample thickness was
achieved. The other end was unchanged, resulting in zero
strain at this un-hammered end. This nonuniform deformation
resulted in a stress gradient along the length of the sheet as can
be seen in Fig. 9(a). Oxidation was carried out at 750 °C for

8 h with 40 ppm oxygen flow. After oxidation, the Ti64 sheet
was characterized by FESEM at different positions as shown
in Fig. 9(b)(e). As can be seen from Fig. 9(b), no nanowires
were observed at the un-hammered end (position 1). The
surface was occupied by faceted grains. At position 2, the
formation of some nanowires was seen (Fig. 9(c)). Nanowire
coverage was further increased at position 3, where the strain
reached a value of 0.3 (Fig. 9(d)). Finally, the highest coverage
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Fig. 9. (a) Ti64 sheet (25 mm x 3 mm x 1 mm), and FESEM micrograph on the Ti64 sheet at (b) position 1, (c) position 2, (d) position 3 and (e) position 4.

of nanowires was found at position 4 (Fig. 9(¢)), where the
strain was maximum and calculated to be 0.6. The nanowire
coverage increased along the induced stress gradient. Thus,
stress clearly plays a significant role in the induced growth of
TiO, nanowires.

Stress induced nanowire growth by thermal oxidation is an
easy, novel and inexpensive way to produce 1-D TiO,
nanowires. In addition, this method also facilitates the growth
of nanowires directly on a given Ti substrate. The oxidative
growth process results in crystalline nanowires that have
potential for engineering applications. The results presented
here show that induced stress clearly enhanced the coverage of
nanowires on Ti64 particles. Further studies are required to
better explain the stress-induced growth mechanism for the
production of TiO, nanowires by thermal oxidation.

4. Conclusions

From the experimental work described in this paper, the
following conclusions can be drawn:

1. TiO, nanowires can be grown on Ti64 particles by
thermal oxidation.

2. The growth of TiO, nanowires is sensitive to tempera-
ture, oxygen concentration, and stress state of the Ti64
substrate. The optimum growth condition for TiO,
nanowires in this study was found to be 750 °C with
40 ppm of oxygen flow.

3. The resultant TiO, nanowires are crystalline and possess
the rutile phase of TiO».

4. Stress enhances the growth of TiO, nanowires on Ti64
alloys. With increasing stress, a higher coverage of
nanowires was observed on the Ti64 particles and metal
sheets.
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