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Polymorphic transformation and powder

characteristics of TiO2 during high energy milling
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Many studies have indicated that the reactivity of reactants can be enhanced greatly by
mechanical activation through high energy ball milling. To understand this enhanced
reactivity, the polymorphic transformation and the evolution of the powder characteristics
of TiO2 and graphite mixtures during high energy ball milling was investigated using
various analytical instruments. It was found that polymorphic transformation of anatase to
srilankite and rutile took place during milling. Furthermore, amorphization of crystalline
phases and crystallization of the amorphous phase occurred at the same time during
milling. High energy milling also led to ultrafine crystallites, large specific surface areas,
and substantial amounts of defects in the powder particles. Effects of the graphite addition
and the milling temperature on the polymorphic transformation and the evolution of the
powder characteristics were also investigated. It was proposed that the polymorphic
transformation of TiO2 during milling could be explained in terms of the
temperature-pressure phase diagram if the temperature rise and high pressure at the
collision site were taken into consideration. C© 2000 Kluwer Academic Publishers

1. Introduction
The key enabling factor for widespread applications of
nanostructured materials is the development of cost-
effective, large-scale processes for synthesizing nanos-
tructured materials [1]. Recently, we have reported a
process that allows for large-scale production of nanos-
tructured carbide powders from their oxides [2, 3]. The
process combines mechanical and thermal activation
to enhance the reaction of carbide formation. The basic
form of the process is to high energy mill reactants at
ambient temperature, which is followed by heating the
milled reactants to high temperatures to complete the
synthetic reaction. For example, to synthesize nanos-
tructured TiC powder, TiO2 and graphite are used as the
starting materials, mixed and high energy ball milled
at ambient temperature, and finally heated to high tem-
peratures to complete the reaction of carbide formation.
The product from this process is nanostructured TiC
powder. Furthermore, in comparison with the current
industrial carbothermic reduction [4], the new process
has reduced the reaction temperature by about 500◦C
and the reaction time from 10–20 hours to 1–2 hours
[2, 3]. Thus, the new process exhibits less energy con-
sumption, higher production rates and better powder
characteristics in comparison with the current indus-
trial carbothermic reduction [2].

Mechanical activation has been studied extensively
in synthesizing nanostructured crystalline materials
in-situ during milling [5–21]. For this purpose the re-
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actants with a negative free energy of formation at am-
bient temperature are typically used. For example, to
synthesize nanostructured crystalline TiC through high
energy milling, elemental Ti and C are used as the start-
ing materials because the reaction between Ti and C has
a negative free energy of formation. The negative free
energy of formation provides the driving force for the
formation of crystalline TiC compoundin-situ during
milling [13].

The concept of using high energy milling as an inter-
mediate step to enhance the product formation has also
been reported by several other research groups [22–31].
For example, it has been shown that the formation tem-
perature of Fe-TiC composites based on carbothermic
reduction of mineral ilmenite (FeTiO3) can be substan-
tially reduced by high energy milling before the reduc-
tion reaction [26]. The enhanced reduction reaction has
been attributed to the intimate mixing and large con-
tact area between milled ilmenite and carbon particles
[27]. Short duration milling combined with low tem-
perature annealing has also been successfully applied
to the synthesis of FeSi2, MoSi2 and WSi2 starting from
elemental powders [23, 24, 29]. It has been shown that
the temperature of disilicide formation from elemen-
tal powders can be reduced by as many as 400◦C by
high energy milling before the reaction [24]. The nitri-
dation process can also be enhanced with mechanical
activation, as demonstrated by the authors [30, 31] who
have shown that the nitridation process of Si with N2
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can be accelerated by 9–23 times in comparison with
the nitridation process of Si without mechanical acti-
vation. Recently, mechanical activation has also been
used as an intermediate step before self-propagating
high-temperature synthesis (SHS) [32, 33]. It is demon-
strated that mechanical activation allows an ignition
temperature decrease and an increase of the combus-
tion front velocity over the classical SHS process.

In addition to being used to enhance the formation
of compounds, mechanical activation has also been ap-
plied to enhancing the sintering process [34]. Work-
ing with a W-based alloy, Chausseet al. [34] have
demonstrated that at the same sintering conditions, the
mechanically treated powder exhibits a higher densifi-
cation in comparison with the un-treated powder. The
improved densification has been attributed to a faster
diffusion rate and better mixing of W powder with the
additive phase.

In brief, the previous examples have shown that many
processes can be enhanced by mechanical treatment
such as high energy milling. Obviously, an understand-
ing of the mechanism responsible for the enhancement
by high energy milling is necessary if mechanical acti-
vation will be utilized as an intermediate step for large
scale production of nanostructured materials. As the

Figure 1 Environmental SEM images of TiO2 and graphite powder mixtures: (a) before milling, (b) milled for 1.5 hours, (c) milled for 6 hours, and
(d) milled for 24 hours. G and T in (a) refer to graphite and titanium dioxide, respectively.

first step towards this fundamental understanding, this
study is aimed at the detailed investigation on the evo-
lution of the phase content and microstructure of TiO2
and graphite mixtures induced by high energy milling.
The effect of these changes in the phase content and mi-
crostructure of the reactants on the formation of nanos-
tructured TiC materials will be presented elsewhere.

2. Experimental
The starting materials of anatase-TiO2 and graphite
powders are shown in Fig. 1a. The anatase-TiO2 of pu-
rity 99.95% had a spherical shape with about 0.2µm in
diameter, while the graphite of purity 99.9% exhibited
a flake geometry with a thickness less than 0.2µm and
the other two dimensions up to about 10µm. Powders
with three different compositions, i.e., pure TiO2, TiO2
and graphite mixtures with carbon-to-titanium dioxide
molar ratios of 3 : 1 and 4 : 1, were investigated. Unless
otherwise mentioned, most of the results presented in
this paper referred to TiO2 and graphite mixtures with a
molar ratio of 3 : 1. High energy milling was conducted
using a modified Szegvari attritor that has been shown
to be effective in producing uniform milling products
within the powder charge [20]. Tungsten carbide (WC)
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balls (4.76 mm in diameter) were used as the milling
media and mixed with powders at a ball-to-powder
weight ratio of 60 : 1 for all the tests conducted. The
charged canister was evacuated up to 10−2–10−3 torr,
flushed with argon, followed by evacuation and finally
back filled with argon of purity 99.95% at a pressure of
about 1.5 atm before the onset of milling. The canister
was either cooled with circulation water at a flow rate
of about 770 ml/min throughout the process (referred
to as water cooling herein) or simply in contact with
air (termed as air cooling hereafter). However, unless
otherwise mentioned, most of the data presented were
obtained using the water cooled condition. The tem-
perature of the canister was monitored using an E-type
thermocouple attached to the bottom of the canister. A
milling speed of 600 RPM was employed for all the
tests.

Phase identification of the milled powder mixtures
was carried out using x-ray diffraction (XRD) meth-
ods with Cu Kα radiation. The average size of crystal-
lites was determined based on XRD peak broadening
(e.g., the (101) reflection was used for anatase) using
the Scherrer formula [35]:

Bp(2θ ) = 0.9λ

D cosθ
(1)

In Equation 1D is the average dimensions of crystal-
lites, Bp(2θ ) is the broadening of the diffraction line
measured at half maximum intensity,λ is the wave
length of the x-ray radiation andθ is the Bragg an-
gle. The correction for instrumental broadening was
taken into account in the measurement of the peak
broadening. This was done by comparing the breadth
at half maximum intensity of the x-ray reflections be-
tween the high-temperature-annealed powder standard
and the milled samples [36]

B2
p(2θ ) = B2

h(2θ )− B2
f (2θ ) (2)

where Bp(2θ ) is the half-maximum breadth if there
were no instrumental broadening, andBh(2θ ) and

Figure 2 XRD patterns of TiO2 and graphite mixtures as a function of the milling time.

Bf (2θ ) are the breadth from the milled samples and
the standard, respectively. No consideration of inter-
nal strains was included in the estimation of crystallite
sizes because two well-defined x-ray diffraction peaks
are normally needed in order to separate the effects of
crystallite sizes and internal strains [37]. This was hard
to achieve especially when milling time was long (see
Fig. 2). However, the error introduced by neglecting
the effect of internal strains was reasonably small be-
cause the crystallite size determined using Equation 1
was comparable to that determined using transmission
electron microscopy (TEM), as will be shown in the
Result section.

The relative amount of anatase, srilankite and rutile
as a function of the milling time was obtained through
the internal standard method of x-ray diffraction using
crystallineα-Al2O3 as the additive [38]. In determining
the relative amount of each phase the integrated areas
of the (101), (110), (111) and (104) reflections were
used for anatase, rutile, srilankite andα-Al2O3 respec-
tively to avoid the peak overlap and all the integrated
intensities were obtained using the PeakFit software to
fit the XRD peaks with a confidence level of 97%.

Particle morphology observation and crystal struc-
ture determination were performed on a Philips EM420
analytical transmission electron microscope coupled
with selected area electron diffraction (SAED) and
micro-diffraction. The morphology and size of the
milled powder were also characterized using an en-
vironmental scanning electron microscope (Phillips
ESEM 2020). Specific surface area (SSA) analysis was
carried out using nitrogen adsorption based on the
Braunauer-Emmett-Teller (BET) theory [39] (Quan-
tachrome NOVA 1000).

3. Experimental results
3.1. Evolution of x-ray diffraction patterns
XRD patterns of TiO2 and graphite mixtures with a
C-to-TiO2 molar ratio of 3 : 1 as a function of the milling
time are shown in Fig. 2. It can be seen that the starting
TiO2 powder comprises primarily anatase polymorph
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with a small amount of rutile. Closer examination of
Fig. 2 reveals several interesting features:

(1) The integrated area of graphite reflections de-
creases with increasing milling time and all the reflec-
tions disappear at 6-hours of milling. This may be due
to the amorphization of graphite [13, 20, 40] and/or
originate from the fact that the absorption of x-ray by
titanium is much stronger than carbon, leading to ex-
tremely weak diffraction peaks of graphite relative to
those of TiO2 [41, 42]. Using TEM observation, how-
ever, we have confirmed that the peak disappearance of
graphite is associated with the formation of an amor-
phous phase (see Figs 5 and 6).

(2) The integrated area of the anatase-TiO2 reflec-
tions decreases with increasing milling time. As will
be discussed later, the decrease of the integrated area of
the anatase-TiO2 reflections is partially caused by the
transformation of some crystalline TiO2 to the amor-
phous phase and partially due to the transformation of
anatase to other TiO2 crystalline structures.

(3) Reflections of srilankite-TiO2 appear shortly af-
ter the onset of milling. Furthermore, the integrated area
of srilankite-TiO2 reflections increases at the early stage
of milling, maximizes at about 6–12 hours of milling,
and decreases afterwards.

(4) The integrated area of the rutile-TiO2 reflections
increases slightly with the milling time.

(5) Many reflections of anatase-TiO2 such as the
(116), (220), (215), (301) and (224) reflections disap-
pear after milling for 12 hours, while many reflections
of srilankite and rutile never appear. This suggests the
extremely small correlation length of ordered stacking
in the directions where the reflections disappear and/or
the introduction of substantial amounts of defects in the
crystalline TiO2 phases.

(6) The preserved reflections of the remaining crys-
talline TiO2 exhibit broadening, suggesting small sizes
of crystallites and/or the presence of the internal strain.

3.2. Powder characteristics
Based on peak broadening (Fig. 2), the calculated crys-
tallite size of anatase is found to be of the order of
nanometers after milling for just 1.5 hours and contin-
ues to decrease with increasing milling time (Fig. 3).

Figure 3 The crystallite size of anatase in TiO2 and graphite mixtures as
a function of the milling time, determined using the anatase (101) peak.

Because of the small Bragg peaks of rutile and sri-
lankite, the size of their crystallites is hard to calculate
accurately. An estimation based on peak broadening in-
dicates that the crystallite size of rutile is in the range of
4.5–20.0 nm with a decrease in the size as the milling
time increases. For srilankite, however, the size of its
crystallites is estimated to be about 6 nm, nearly inde-
pendent of the milling time.

The SEM examination of powder mixtures (Fig. 1)
indicates that graphite flakes break down to particles at
about 1.5-hour milling. Afterwards, the size of powder
particles decreases slowly and reaches a lower limit of
∼100–400 nm at about 24-hours of milling. It is noted
that the size of powder particles after 6-hours of milling
is already of the order of submicrometers (∼400 nm).
Thus, combined with the XRD data, it is believed that
the milled submicrometer-sized powder particles are
either crystalline with internal nanostructures of∼6–
20 nm and/or amorphous (see TEM below). Many other
milled materials have also been found to possess such
characteristics, that is, powder particles contain internal
nanostructures, while the size of particles themselves
is of the order of submicrometers or micrometers [12,
43–45].

The specific surface area of TiO2-plus-graphite pow-
der mixtures as a function of the milling time is shown
in Fig. 4. It can be seen that the SSA of the powder
mixtures increases sharply at the early stage of milling,
peaks at about 6-hours of milling, and then decreases
gradually. A similar phenomenon has also been ob-
served in the SiO2-plus-graphite powder mixtures that
also exhibit their peak SSA at about 6-hours of milling
[46].

A typical bright-field TEM image of TiO2-plus-
graphite powder mixtures milled for 6 hours is shown
in Fig. 5. It is clearly shown that each particle observed
in SEM (∼400 nm in diameter) is in fact composed
of several large solid particles and many small parti-
cles. The analysis of TEM micro-diffraction indicates
that the large solid particles (marked as A in the figure)
are mainly anatase-TiO2, while the small particles (that
surround the large particles and are marked as G) are
a mixture of nanocrystalline and amorphous phases, as
indicated by the presence of both the diffuse amorphous

Figure 4 The specific surface area (SSA) of TiO2 and graphite mixtures
as a function of the milling time.
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Figure 5 (a) A typical bright-field TEM image of TiO2 and graphite mixtures milled for 6 hours, and (b) the corresponding micro-diffraction pattern
of the small particles, G, in (a), taken with a camera length of 660 mm. The diffuse ring marked as G1 is located at the loci of the crystalline graphite
(100) and (101) reflections, and the diffuse ring marked as G2 is where the loci of the crystalline graphite (110) and (112) reflections are.

ring and several broadened polycrystalline rings from
these small particles (Fig. 5b). Furthermore, the posi-
tions of the broadened polycrystalline rings coincide
with the positions of graphite reflections, suggesting
that the small particles are primarily composed of car-
bon. Thus, graphite in the powder mixture is partially
amorphized and the remaining crystalline graphite has
extremely fine crystallites after 6-hours of milling.

A typical bright-field TEM image of TiO2-plus-
graphite powder mixtures milled for 24 hours is shown
in Fig. 6. The image is similar to that of the powder
mixture milled for 6 hours, i.e., each particle observed
in SEM (∼400 nm in diameter) is composed of sev-
eral large solid particles and many small particles. Fur-
thermore, the large particles in Fig. 6 are again TiO2,
as in the case of 6-hours of milling. The small parti-
cles that surround the larger particles are still primarily
composed of carbon, but with more amorphous and less
crystalline constituents than those at 6-hours of milling,
as indicated by the highly diffuse rings of the micro-
diffraction pattern from those small particles (Fig. 6b).

Bright-field and dark-field TEM images of a large
particle from powders milled for 48 hours and its corre-
sponding selected area diffraction pattern (SADP) are
shown in Fig. 7. Note that the size of the particle is
∼400 nm under SEM (not shown in Fig. 1). Thus, as in
the case of 6-hours and 24-hours of milling, the large
particle observed in SEM is again composed of several
large particles and many small particles (see Fig. 7a).
The diffuse ring at the locus of the anatase (101) reflec-
tion clearly indicates the presence of amorphous TiO2.
The diffraction spots that overlap with the diffuse ring
confirm the presence of crystalline phases. The dark-
field image (Fig. 7c) from the diffuse intensity of the
hole-like ring of graphite (marked as G in Fig. 7b) shows
that amorphous carbon is uniformly distributed within
and/or on the surface of these particles. However, the
dark-field image (Fig. 7d) from the anatase diffuse in-
tensity at the (101) locus shows that small particles and
the outer region of the large particles (the light gray area
in the figure) are amorphous, whereas the inner region
of the large particles (the dark gray area in the figure)

Figure 6 (a) A typical bright-field TEM image of TiO2 and graphite
mixtures milled for 24 hours, and (b) the corresponding micro-diffraction
pattern of the small particles, G, in (a), taken with a camera length of
660 mm. A–D in (a) particles have been identified as TiO2 using the
micro-diffraction technique. Further, note that the diffraction rings from
the small particles are much more diffuse than those shown in Fig. 5b.

still contains some degree of crystallinity; otherwise,
the inner region should be light gray as well. Further-
more, the phase that contributes to the crystalline image
must be primarily TiO2 since Fig. 7c has indicated that

6019



Figure 7 (a) A typical bright-field TEM image of TiO2 and graphite mixtures milled for 48 hours, (b) the corresponding SAED patterns of the particles
in (a), taken with a camera length of 950 mm, (c) the dark-field image of the particles in (a) from the diffuse intensity marked as the G (110) and
(112) in (b), and (d) the dark-field image of the particles in (a) from the diffuse intensity marked as the A (101) in (b). G, S, R and A in (b) stand for
graphite, srilankite, rutile and anatase, respectively, and the indexes associated with them indicate the loci of the specific reflections if the particles
were 100% crystalline.

nearly all graphite has become amorphous at this stage
of milling. Thus, these results indicate that at 48-hours
of milling the small particles that surround the larger
particles are composed of amorphous carbon and TiO2.
Moreover, the large particles observed with TEM are
still predominately TiO2, but with a large portion of
amorphous constituents. These results also confirm that
the integrated area decrease of anatase-TiO2 reflections
in XRD with milling is partially due to the transforma-
tion of some crystalline TiO2 to the amorphous phase.

3.3. Effects of graphite addition
A comparison of XRD patterns among pure TiO2 pow-
der, TiO2 and graphite powder mixtures with C-to-TiO2
molar ratios of 3 : 1 and 4 : 1 milled for 1.5 hours is
shown in Fig. 8. It is obvious from Fig. 8 that the inte-
grated area of anatase reflections (e.g., the (101) reflec-
tion) for the pure TiO2 powder sample is much smaller
than that of anatase reflections for the TiO2 and graphite
mixtures. These results show that a large amount of
anatase in the pure TiO2 sample has been transformed to
an amorphous state, whereas a large portion of anatase

Figure 8 XRD patterns of pure TiO2 powders and TiO2 and graphite
powder mixtures milled for 1.5 hours, showing the effects of graphite
addition. MR represents the molar ratio of graphite to TiO2.

still remains in the TiO2 and graphite mixtures. It is
also noted that the XRD pattern of pure TiO2 powder
milled for 1.5 hours is very similar to that of the TiO2
and graphite mixture with a molar ratio of 3 : 1 milled
for 6 hours (Fig. 2). Thus, these results strongly suggest
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that the addition of graphite reduces the rate with which
anatase transforms to the amorphous phase and other
crystalline phases.

Closer examination of the two TiO2 and graphite
powder mixtures also provides evidence in the reduc-
tion of the milling efficiency of reducing crystallite
sizes, decreasing correlation lengths of ordered stack-
ing, and introducing internal strains due to the presence
of graphite. Fig. 8 shows that the XRD pattern of the
powder mixture with a C-to-TiO2 molar ratio of 4 : 1
has sharper reflections of anatase such as (103) and
(112) peaks than those of the powder mixture with a
C-to-TiO2 molar ratio of 3 : 1. Diffuse reflections are
an indication of extremely small crystallites, large in-
ternal strains and/or local correlated disorder. In fact,
the estimation of the crystallite size of anatase based on
peak broadening gives 14.2, 16.8 and 65.5 nm for pure
TiO2, the powder mixture with the 3 : 1 molar ratio and
the powder mixture with the 4 : 1 molar ratio, respec-
tively. Thus, the process of crystallite refinement has
been slowed down by the presence of graphite. Similar
phenomena have also been observed when graphite is
added to SiO2 [46], Si [30], Ti and Nb [47].

3.4. Effects of cooling media
It was found that the average environmental milling
temperature for the water cooling condition was con-
stant at about 20◦C throughout the milling process,
while it increased gradually at the beginning of milling
and stabilized at about 120◦C after milling for 0.5 hours
for air cooling. Thus, the average temperature differ-
ence between water cooling and air cooling is about
100◦C after 0.5-hours of milling. XRD patterns of TiO2
and graphite powder mixtures milled with water cool-
ing and air cooling for 24 hours are shown in Fig. 9.
Effects of cooling media can be examined by comparing
the ratios of the integrated area of anatase (101) reflec-
tion to the integrated area of srilankite (111) reflection
and to the integrated area of rutile (110) reflection for
water cooling with those for air cooling. The result is
summarized in Table I. It is clear from the table that
there is less crystalline anatase and/or more srilankite
and rutile in the air cooled specimen than in the wa-
ter cooled specimen, suggesting that milling under air
cooling conditions leads to the transformation of more
anatase to amorphous phase and/or srilankite and rutile.

Figure 9 XRD patterns of TiO2 and graphite powder mixtures milled
for 24 hours, showing the effects of cooling media.

TABLE I Ratios of the integrated area of anatase (101) reflection to the
integrated area of srilankite (111) reflection,RA/S, and to the integrated
area of rutile (110) reflection,RA/R

Milling Conditions RA/S RA/R

24-hour milling, C-to-TiO2

ratio= 4 : 1, and water cooling 0.79 1.82
24-hour milling, C-to-TiO2

ratio= 4 : 1, and air cooling 0.64 1.11

4. Discussion
4.1. Polymorphic transformations of TiO2
Extensive work [48–51] has indicated that there exist
five polymorphs of TiO2: anatase, brookite, srilankite,
TiO2-III and rutile. Anatase and brookite are low-
temperature, low-pressure forms; srilankite and TiO2-
III are formed from anatase or brookite under pressure;
and anatase transforms to rutile very slowly at 610◦C
under ambient pressure [50]. A temperature-pressure
phase diagram showing relationship among anatase,
rutile and srilankite from Murray and Wriedt [52] is
shown in Fig. 10. Many phenomena observed in this
study can be explained based on this phase diagram. Ac-
cording to Fig. 10, anatase can transform to srilankite
at high pressures and to rutile at high temperatures.
Anatase can also transform to an amorphous phase, as
observed in this study (Figs 2 and 7). The transforma-
tion of crystalline phases to amorphous phases during
high energy milling is a well-known phenomenon. It
has been established that for pure materials amorphiza-
tion can be induced by high pressures and/or crystallite
refinement [45], while for mixtures of several materials
amorphization can also be induced by a solid-state in-
terdiffusion reaction [53] and a gas-solid reaction [30].
One mechanism for the pressure-induced amorphiza-
tion is that the compressive pressure during ball colli-
sion exceeds the metastable extension of the liquidus
curve on theT-P phase diagram; thus, the amorphous
phase is formed directly on compression and persists on
separation of ball and powder [45]. Amorphization of
crystalline compounds caused by high energy milling
has been observed in many metal and ceramic systems
such as SiO2 [46], YCo3 [54], Ni45Nb55 [54], NiZr2

Figure 10 A nonequilibrium temperature-pressure phase diagram of
pure TiO2 [52].
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[55, 56], Nb3Sn [56] and Ni3Al [56]. In all these cases
the free energy of the amorphous phase is higher than
that of the corresponding crystalline phase. The ex-
cess free energy required for amorphization comes from
the introduction of structural defects and refinement of
crystallites in the crystalline phase during milling [53].
For the present system, it is believed that the driving
force for the amorphization of anatase also comes from
the crystallite refinement and the introduction of con-
siderable defects. Furthermore, the evidence collected
also indicates that during milling the transformation
of anatase to srilankite, to rutile and to an amorphous
phase takes place at the same time. This is discussed
below in more detail.

As seen in Fig. 2, the formation of srilankite occurs
shortly after the onset of milling (less than 1.5 hours),
suggesting that srilankite is formed directly from crys-
talline anatase since there is hardly any amorphous
phase at the early stage of milling. According to Fig. 10,
this result also implies that the pressure experienced by
anatase powder particles during collision of two collid-
ing balls is likely to be above 1 GPa. The increase in
the defect density of anatase due to milling may reduce
the lower pressure limit required for the transformation
of anatase to srilankite. In that case, a collision pres-
sure lower than 1 GPa may be enough to induce the
anatase-to-srilankite transformation. Nevertheless, by
utilizing the approach of the Hertz impact theory and
fluid mechanics to approximate the ball milling process
as proposed by Maurice and Courtney [57], we have es-
timated the maximum pressure reached on collision for
the milling conditions employed in this study and found
it to be 6 GPa (see the Appendix). The presence of pow-
der during collision will certainly reduce the pressure
reached on collision. Nevertheless, the pressure expe-
rienced by some particles is expected to be still higher
than 1 GPa (see the Appendix). Thus, the pressure expe-
rienced by some particles is high enough to trigger the
anatase-to-srilankite transformation on compression of
two colliding balls. Thus, it can be concluded that sri-
lankite is formed directly from anatase on collision un-
der the present milling condition.

To quantify the relative amount of anatase, srilankite
and rutile as a function of the milling time, the internal
standard method of x-ray diffraction using Al2O3 as the
additive was conducted. The result is shown in Fig. 11.
It can be seen that the amount of srilankite peaks at
about 6–12 hours. This suggests that while srilankite
is formed from anatase, srilankite also transforms to
other phases such as the amorphous phase and/or rutile;
otherwise, the amount of srilankite should not decrease
with further milling.

Fig. 11 also exhibits that the amount of rutile con-
tinues to increase with milling. However, the rate with
which rutile increases is small in the whole milling
range studied (from 0 to 48 hours). The formation of ru-
tile is likely from several different sources or at least two
sources: anatase and the amorphous phase. At the early
stage of milling, rutile is likely formed from anatase
since the amount of other phases such as srilankite and
the amorphous phase is literally zero. The small in-
crease rate of rutile in comparison with the increase rate
of srilankite at the early stage of milling is likely related

Figure 11 The relative amount of anatase, srilankite and rutile as a
function of the milling time.R is the ratio of the integrated areas
of particular XRD reflections according to the following formulae:
I(101)TiO2/I(104)Al2O3 for anatase,I(110)TiO2/I(104)Al2O3 for rutile and
I(111)TiO2/I(104)Al2O3 for srilankite.

to the high temperatures required for the transforma-
tion of anatase to rutile. According to Fig. 10, rutile
can be formed from anatase as long as a minimum tem-
perature higher than 480◦C is reached. Many studies
have suggested the local temperature of powder parti-
cles at the collision site can have 180◦C [58], 350◦C [59]
and 500◦C [54] higher than the average environmental
temperature, depending on the milling conditions and
powder characteristics. Using the formula proposed by
Schwarz and Koch [54], the temperature increase of
the anatase powder caused by the impact of the milling
media for the present milling conditions is estimated to
be 325◦C (see the Appendix). Thus, the local temper-
ature at the collision site could reach about 350◦C for
water cooling and about 450◦C for air cooling in this
study. These temperatures are lower than the minimum
requirement (480◦C) for the formation of rutile from
anatase and srilankite. However, the increased defect
density in anatase due to milling could reduce the mini-
mum transformation temperature to below 480◦C. Nev-
ertheless, the increase rate of rutile is not expected to be
as large as that of srilankite because the high pressure re-
quirement for forming srilankite is satisfied at the onset
of milling, whereas the anatase-to-rutile transformation
relies on the build-up of defects in anatase via milling.

At the later stage of milling the continued increase
of rutile is likely associated with crystallization of the
amorphous phase because the amount of anatase has de-
creased sharply after 12-hours of milling. Furthermore,
the postulation that the continued increase of rutile at
the later stage of milling is primarily due to crystalliza-
tion of the amorphous phase is also supported by con-
sideration of transformation temperatures. The crystal-
lization temperature of the amorphous phase should be
lower than the anatase-to-rutile transformation temper-
ature because of the larger driving force of the amor-
phous phase to form rutile than that of anatase to form
rutile. Thus, crystallization of the amorphous phase
would be easier than the anatase-to-rutile transforma-
tion. Furthermore, rutile as the crystallization product
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Figure 12 Various transformations related to milling of TiO2. Solid ar-
row(s) indicate the most likely transformation, whereas the dashed ar-
row(s) stand for the possible or negligible transformation.

is consistent with the fact that rutile is the stable phase
in comparison with anatase [48, 52, 60].

In short, the polymorphic transformation of TiO2 dur-
ing milling in this study can be summarized in Fig. 12.
During milling, anatase transforms to srilankite, rutile
and the amorphous phase: Srilankite and rutile may
also transform to the amorphous phase, whereas the
amorphous phase can crystallize to form rutile. Finally,
it is interesting to point out that many researchers [55,
61] have also reported simultaneous amorphization and
crystallization during milling of other metallic com-
pounds.

Finally, it should be mentioned that polymorphic
transformations of TiO2 discussed above may also be
affected by the contamination of the powder with ma-
terials from the wear of the milling tools, especially
the wear of balls in the case of attritors. By measur-
ing the weight loss of WC balls after several thousand
hours of milling, the wear rate of WC balls is esti-
mated to be 5.5 mg/hr under the present milling con-
dition. Although the wear rate is small, it may have
effects on polymorphic transformation of TiO2. For ex-
ample, the anatase-to-srilankite transformation occurs
at less than 1.5-hours of milling and the weight per-
cent of WC in the powder at this milling time is about
0.03 wt.%. Although small, such contamination may
alter the temperature of the anatase-to-srilankite trans-
formation slightly.

4.2. Evolution of powder characteristics
The present study indicates that in addition to the poly-
morphic transformation, high energy milling of TiO2
and graphite mixtures also leads to the particle refine-
ment, crystallite refinement, agglomeration of fine par-
ticles, and mixing of TiO2 and carbon on nanometer
scales. Under the present milling condition, it seems
that the crystallite size of anatase-TiO2 continues to de-
crease with increasing the milling time (Fig. 3). This is
believed to result primarily from the fundamental pro-
cess of repeated plastic deformation during milling. A
recent study on high energy milling of Si [62] has estab-
lished that the particle size of Si during milling is con-
trolled by fragmentation, whereas the crystallite size
is dictated by repeated plastic deformation. Although
it looks that the crystallite refinement will continue as
milling procceds beyond 48 hours in this study, it is
expected that this will cease when recrystallization sets
in or all the crystalline phase becomes amorphous.

The SEM examination (Fig. 1) has clearly shown that
the average particle size of the TiO2 and graphite mix-
ture decreases gradually up to 24-hours of milling after
which a lower limit of the particle size is reached. The
little change of the average particle size of the powder
mixture beyond 24-hours of milling is likely related to
a dynamic balance among fragmentation, coalescence
and agglomeration of nanoparticles.

A detailed comparison between the SEM observation
(Fig. 1) and the SSA measurement (Fig. 4) seems to
suggest a discrepancy between these two analyses; that
is, the SEM observation suggests that the SSA of the
powder mixture milled for 6 hours should be lower
than that of the powder mixture milled for longer times,
whereas the SSA measurement reveals that the SSA
peaks at 6-hours of milling. It is noted that the trend of
the SSA change with milling measured in this study is
also observed in the SiO2-plus-graphite powder mixture
[46] and the pure graphite powder system measured by
Hermannet al. [63]. Their results show a sharp increase
in the SSA of graphite to∼600 m2/g at∼3-hours of
milling, which is followed by a gradual decrease to
∼200 m2/g at 50-hours of milling. The decrease in the
SSA beyond 3-hours of milling has been attributed to
agglomeration of graphite nanoparticles [63]. However,
it is well known that physical agglomeration cannot
drastically decrease the SSA measured using the BET
method. Thus, we believe that the change of the SSA
of either pure graphite or graphite-containing powder
mixtures with milling time must be dictated by other
fundamental processes rather than agglomeration.

Our recent work on SiO2-plus-graphite powder sys-
tem [46] has indicated that the SSA change with milling
time is related to the fact of easy delamination of
graphite along its basal plane. It is shown that at the
early stage of milling bulk graphite becomes flakes due
to its easy delamination. As milling time increases to
6 hours, the graphite flakes become extremely fine and
some of graphite has become amorphous. However, be-
yond 6-hours of milling the morphology of graphite
changes from fine flakes to granular shapes due to the
formation of the amorphous phase. As such, the SSA
peaks at 6-hours of milling. Such mechanism is also
likely to operate in the present TiO2-plus-graphite sys-
tem and in the pure graphite system mentioned above.

4.3. Effects of graphite addition
The reduced milling efficiency by the presence of
graphite is likely related to the ease with which graphite
delaminates along its basal plane, thereby providing a
lubricating function and limiting the build-up of pres-
sure on collision. Thus, the more graphite present, the
slower the crystallite refinement process and the less
transformation of anatase to srilankite and amorphous
phase. In addition, there is no chemical reaction be-
tween graphite and TiO2 during milling. This is be-
lieved to be due to no chemical driving forces for re-
actions, as shown in the following equation assuming
the contact of TiO2 with C at ambient temperature and
under 1 atmosphere of CO2.

TiO2+ 2C= TiC+ CO2 1G298= 302,700 J/mol
(3)
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TiC will only form at temperatures above 564◦C if a
10−4 torr of CO2 is assumed [64]. This temperature is
above the local temperature on the collision site calcu-
lated previously. Thus, the function of graphite in this
study is to provide lubrication and reduce the average
pressure on collision.

4.4. Effects of milling temperature
Increasing the average environmental milling tempera-
ture leads to an increased local temperature at the colli-
sion site. Thus, the local temperature at the collision site
for air cooling is higher than that for water cooling. The
diffusivity of atoms increases and the pressure required
for the transformation of anatase to srilankite and rutile
decreases with increasing temperature (Fig. 10). The
higher the diffusivity of atoms, the more transforma-
tion products form in a given collision time. Since the
pressure required for forming srilankite and rutile from
anatase lowers with increasing temperature, more pow-
der particles will meet the transformation pressure re-
quirement and therefore more srilankite and rutile are
formed on each collision when the environmental tem-
perature (and therefore the local temperature) is in-
creased. Thus, the enhanced formation of rutile and
srilankite by changing from water cooling to air cooling
(Fig. 9 and Table I) is consistent with these arguments.

5. Concluding remarks
Systematic studies have been carried out to investigate
the polymorphic transformation and the evolution of the
powder characteristics of TiO2 and graphite mixtures
during high energy milling. Effects of the addition of
graphite and the milling temperature on the milling ef-
ficiency have also been investigated. Based on these
studies, the following conclusions can be offered:

(1) Polymorphic transformation of anatase-TiO2 to
rutile and srilankite polymorphs takes place during high
energy ball milling.

(2) In addition to polymorphic transformation, amor-
phization of TiO2 also occurs during high energy
milling.

(3) Most of graphite in the powder mixture is amor-
phized after 6-hours of milling.

(4) The crystalline phases present during milling
have ultrafine crystallites, possess substantial amounts
of defects, and have large specific surface areas.

(5) The addition of graphite to TiO2 powders slows
down the milling process including both crystallite re-
finement and polymorphic transformation. This is due
to the lubrication effect of graphite.

(6) The higher the average environmental milling
temperature is, the faster the milling process is. This
includes crystallite refinement and polymorphic trans-
formation.

Appendix of calculations
1. The average pressure at maximum
compression on collision
Maurice and Courtney [57] analyze the average pres-
sure developed across the contacting surfaces of the

milling media at maximum compression using the
Hertz theory:

Pmax= 0.4646v0.4
(
ρ

E

)0.2

E (A1)

where E is the elastic modulus of the balls,ρ is the
density of the balls, andv is the precollision relative
velocity that is computed through

v = 1/3ωRa (A2)

withω being the rotational velocity of the impeller arms
andRa the radius of the canister. For WC balls, a milling
speed of 600 RPM andRa= 44 mm, we have

v = 0.146 m/s, ρ = 14.29 g/cm3, E= 600 GPa

and Pmax= 6089 MPa

2. The average pressure on collision
with powder
The average pressure experienced by powder particles
on collision is certainly lower than that computed with
no powder between two colliding balls using Equa-
tion A1 because some of the kinetic energy will be con-
sumed by friction among powder particles and fracture
of particles. How high the average pressure of powder
particles reaches on collision is primarily dependent
of the kinetic energy of two colliding balls, mechan-
ical properties of powder aggregates, and the loading
conditions. The kinetic energy of two colliding balls is
approximately equal to the elastic energy,UE, of the
two colliding balls when there are no powder particles
between them and can be calculated as follows [57]:

UE = P2
max

2E

2πR2δmax

3
(A3)

whereR is the radius of the ball,δmax is the distance the
center of masses of the two balls are displaced relative to
each other during the collision, andPmax and E have
been defined above.δmax can be computed using the
Hertz theory [57]:

δmax= 1.89v0.8
(
ρ

E

)0.4

R (A4)

With R= 4.76 mm, we haveδmax= 0.0398 mm and
UE= 4.98 J. Assuming that all this elastic energy has
been consumed to deform and fracture the powder par-
ticles trapped between the two colliding balls, then

UE = Ufriction +UF (A5)

whereUfriction andUF stand for the energy consumed
by friction among particles and fracture of particles,
respectively. Generally,Ufriction is small in comparison
with UF; thus, Equation (A5) can be approximated as

UE ≈ UF (A6)
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Furthermore, the energy required to fracture the powder
particles trapped between two colliding balls,U ′F, is
[57]

U ′F = πr 2h0uf (A7)

whereuf is the fracture energy per unit volume of pow-
der particles,r is the radius of the Hertz impact, and
h0 is the initial height of the powder aggregate trapped
between two colliding balls. The parameter,πr 2h0, in
Equation A7 corresponds to the volume of powder par-
ticles trapped between the two colliding balls.r andh0
can be found with the aid of [57]

r = 0.9371v0.4
(
ρ

E

)0.2

R (A8)

h0 = 0.27
Rρ

ρpCR
(A9)

whereCR is the ball-to-powder weight ratio (i.e., the
charge ratio), andρp is the density of the powder par-
ticles. WithCR= 60 (i.e., the charge ratio used in this
study) andρp= 4.0 g/cm3 [65], we haver = 0.097 mm
andh0= 0.076 mm.

The fracture energy per unit volume of powder par-
ticles can be calculated from properties of powder par-
ticles:

uf = σ 2
f

2Ep
(A10)

whereσf is the fracture strength in compression, and
Ep is the elastic modulus of powder particles. Assum-
ing the powder particles are composed of 100% TiO2
and taking the uniaxial compressive strength of TiO2
as 900 MPa andEp= 282 GPa [65], the fracture en-
ergy per unit volume of TiO2 particles is found to be
1.436× 106 J/m3.

Substituting the values ofuf, r and h0 into Equa-
tion (A7), we obtainU ′F= 3.27× 10−6 J/m3. By com-
paringU ′F (the energy required to fracture the powder
particles trapped) andUF (the energy available for frac-
turing the powder particles trapped), we have thatUF
is six orders of magnitude higher thanU ′F. Thus, frag-
mentation of TiO2 particles will take place constantly
under the milling conditions used in this study. If a
TiO2 particle fractures under a uniaxial compression,
the pressure experienced by that particle will certainly
not exceed the compressive strength (900 MPa). How-
ever, statistically some particles certainly experience
multiaxial compression due to constraints from neigh-
boring particles on collision. It is well known that the
strength of a brittle material (e.g., TiO2) under multiax-
ial compressive loading could be much higher than the
uniaxial compressive strength. Since the previous cal-
culation has indicated that in addition to fracturing par-
ticles there is still a substantial amount of extra energy
available for multiaxial compression, it is expected that
some of the particles must have a compressive stress
component exceeding 1 GPa on collision.

3. The temperature rise at the
collision site
Schwarz and Koch [54] analyze the temperature rise re-
sulting from localized shear of powder particles trapped
between two colliding balls:

1T = Pmaxv

2

(
τ

πk0ρpCp

)1/2

(A11)

wherek0 is thermal conductivity of the powder,ρp is
the powder particle density,Cp is the specific heat of
powder and Pmax,v and t have been defined above.
For anatase-TiO2 powder, typical values are [65]:

k0 = 8.4 w/m.K, ρp = 3.84 g/cm3,

Cp = 800 J/kg·K

On substitution of these values into Equation A11,
1T = 325◦C.
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