Vol. 13 Ne 2

Trans. Nonferrous Met. Soc. China

Apr. 2003

Article ID: 1003 ~ 6326(2003) 02 ~ 0271 ~ 05

Phase transformation of nanocrystalline anatase gowders
during high energy planetary ball milling

PAN Xiao-yan( #IE#E) ', CHEN Yi(FE 1), MA Xueming( %241) %, ZHU Lrhui( 200 )
(1. School of Materials Science and Engineering, Shanghai University, Shanghai 200072, China;
2. Department of Physics, East China Normal University, Shanghai 200062, China)

Abstract: The microstructure evolution of nanocrystalline anatase during high energy planetary milling was studied by

X-ray diffraction and transmission electron microscopy. The results show that mechanical activation induces the transfor

mations from anatase to srilankite and rutile at room temperature and under ambient pressure, which should primarily be

attributed to the rise of local temperature and pressure at the collision sites of the powders and the balls. In addition, the

additional energy caused by defects, lattice distortion and the refinement of the crystallite is responsible for the transforma-

tions. As milling time increases, anatase phase content reduces and the amounts of both srilankite and rutile phase in-

crease. And the transformation from srilankite to rutile phase takes place by further milling. In anatase phase, the crystal

lite size decreases and lattice strain rises with milling time. There is no indication of the formation of amorphous phase dur-

ing milling.
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1 INTRODUCTION

Titanium dioxide is known to exist in three crys-
talline forms of rutile, anatase and brookite in nature.
Rutile is thermodynamically stable while anatase and
brookite can transform irreversibly and exothermically
to rutile over a range of temperatures' ', In addition,
there are two high-pressure phases, srilankite with
orthorhombic structure and TiOy [II Under high
pressure, anatase and rutile can transform to sri-
lankite!*™ . The srilankite phase can transform back
to rutile under appropriate conditions!! .

Over the past few years, mechanical activation
has been studied extensively in synthesizing nanocrys-
talline materials, amorphous alloy, and some novel
phases and structures of alloys which can not be ob-
tained by any other method, and hence, has attracted
great attention. By this process, many metastable
structures existing at high pressure and / or high tem-
perature can even form at room temperature and/ or
under ambient pressure. Recently, Ren et al'® stud-
ied the transformation of TiO; and graphite mixtures
by high energy vibrational ball milling in argon and
found that polymorphic transformations of anatase to
srilankite and rutile took place during milling.

In this paper, the microstructure evolution of
nanocrystalline anatase Ti0, during high energy plan-
etary balFmilling was examined by X-ray diffraction

and transmission electron microscopy. The mecha-
nism of the transformation driven by mechanical force
is also tentatively discussed.

2 EXPERIMENTAL

Nanocrystalline TiO, powders were prepared by
a precipitation-sobgel method. H,TiO3, hydrogen
peroxide and ammonia were mixed with the molar ra-
tio of 1 6 2 under continuously stirring in an icewa-
ter bath. After a clear solution was formed, a little
surfactant was added into it. After gelation, the sam-
ples were filtered, dried at 120 C and then calcinated
for 2 h at 550 C.

The ball milling was performed in a planetary
ball milling in air (QM-1SP). As prepared nanocrys-
talline Ti0, pow ders were used as the starting matert
als. Steel balls (8 mm in diameter) were employed as
the milling media and mixed with the powders at a
balFto-pow der mass ratio of 15! 1. The milling speed
was fixed at about 220 r/ min.

The microstructures of the unmilled and milled
powders were examined using X-ray diffractometer
(Rigaku D/ Max-C, 40 kV /100 mA) with Cu K 4 ra-
diation. The average crystallite size and lattice strain
were determined by corresponding diffraction peak

broadening analysis using single line method'”!. The
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follow ing relations were used for the estimation of the
average crystallite size L and lattice strain €&

L= X( B¢ cos 0) (1)

& B¢/ (4tan 0) (2)
where B and B; are Cauchy and Gaussian integral
width, respectively, MAis the wavelength of the X-ray
radiation, and 0 is the angle of diffraction. The line
width, B, was corrected for instrumental broadening
by employing the pattern of standard-sample silicon
under the same experimental conditions. In the pre-
sent study, the peak broadening analysis was per
formed on the (200) diffraction peak at 20= 48. 1° of
anatase phase and the (111) diffraction peak at 20=
31. 1° of srilankite phase, due to the fact that the
(101) reflection, the strongest line at 20= 25. 3° of
anatase phase, almost superimposes with the ( 110)
reflection of srilankite phase.

The different phase amounts in the powders
were obtained through the matrix-flushing method "
using crystalline acA1,03 as the additive. To deter
mine the quantity of each phase, the integral intensi-
ties ( peak area) of the (200), (110) and (113) re
flections were used for anatase, rutile and oALO3,
respectively, to avoid the overlapping peak.

Transmission electron microscopy ( Hitachi H-
800) was used to observe the morphology of TiO;
powders at 175 kV. TEM selected area diffraction
pattern (SADP) was taken to analyze the structures
of the powders. The samples used for TEM observa
tion were prepared by dispersing some powders in
ethanol followed by ultrasonic vibration for 10 min,
then allowed a drop of the suspension onto a carbon-
coated copper grid.

3 RESULTS AND DISCUSSION

3.1 Xray diffraction

The evolution of XRD patterns of Ti0O, pow ders
with milling time is displayed in Fig. 1. It can be seen
that the as prepared Ti0, powders are anatase phase
and the average crystallite size is estimated to be 15
nm or so (Fig. 1). After the milling time of 2 h, the
XRD pattern of the powders hardly changes and the
pow ders still remain anatase phase. But after milling
5 h, the diffraction peaks of anatase phase slightly de-
crease and broaden, and a new peak at 20= 31. 3" is
detected, which corresponds to the (111) reflection
of srilankite phase, a high pressure phase of TiO,.
And this new peak gradually strengthens with the in-
crease of milling time. The (110) reflection of rutile
phase is clearly found after milling 10 h. Obviously,
the transformations from anatase to srilankite and ru-
tile phase are triggered during ball milling. And it is sug-
gested that an incubation period for the transformation
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Fig. 1 XRD patterns of nanocrystalline anatase
powders milled for different milling times

exists, for no appreciable transformation take place in
the early two hours of milling.

With the increase of milling time, the diffraction
peaks of anatase phase further weaken and broaden,
some of which eventually can not be discernable or
merge together to form a broad band, while the
diffraction peaks of srilankite and rutile phase gradu-
ally strengthen. Until milling 40 h, the second strong
diffraction peak for anatase phase at 20= 48. 1° is still
clear, which is a typical diffraction peak of anatase
phase and does not overlap with the peaks for sri-
lankite and rutile phase. However, after milling 100
h, it seems that most of the diffraction peaks for
anatase phase disappear apart from the strongest
diffraction peak at 20= 25. 3°. Considering the fact
that the two diffraction peaks almost superimpose,
the peak at 20= 25. 3°should be caused by the ( 110)
(d= 0.350 nm) of srilankite phase and ( 101) (d=
0. 352 nm) reflection of anatase phase.

The evidence that the diffraction peaks of
anatase decrease and those of srilankite and rutile en-
hance with the milling time indicates that more
anatase powders transform to srilankite and rutile.
On the basis of the above XRD analysis, it can be in-
ferred that after milling 100 h, most of anatase pow-
ders transform and only a small amount of anatase
phase exists in the powders, which is proved by the
following quantitative estimation of the phases. As
shown in Fig. 2, the anatase content decreases from
100% in the starting pow ders to 27. 2% after milling
10 h and then the rate of the transformation slows down.
And only 3. 2% anatase phase exists in the powders at the
milling time of 100 h. The srilankite phase amount
sharply increases to 70. 2% after milling 10 h, slowly
amounts to the maximum at milling time of 40 h, and
then  gradually result  of the
transformation from rutile

reduces as the

srilankite to phase.
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time, which is due to the refinement of grains and the 25 20
lattice distortion caused by milling. As shown in Fig.

3(a), the average crystallite size of the anatase phase
gradually reduces with the increase of milling time.
At the early stage of milling, the anatase crystallite
size drastically reduces, but the rate with which the
crystallite refines slows down as the milling time fur-
ther increases. It may be due to the fact that the re-
sistance to fracture of particles gradually increases
with milling time and the further refinement of parti-
cles needs much more energy. According to the theo-
ry of milling comminution, the energy leading to frac
ture, E, is a decreasing function of the particle size
D'

E= Kp(3m-5/m (3)
where K is a factor relative with conditions of
milling and the particles, m is coefficient of Weibull
distribution, that is, the energy for fracture increases
with the decrease of the particle size. The resistance
to fracture stems from the rise of the relative strength
of the particles as they decrease in size, the large par
ticles shielding the smaller particles from impact, and
agglomeration of the smaller particles to reducing the
specific surface energy of the system'”!.
However, for srilankite, its diffraction peaks
show broadening at the beginning of its formation,
because the high pressure phase prepared from anatase
was always intergrown with a short-range ordered
phase which produced broad diffraction peaks' '’
With the increase of milling time, the diffraction peak
for srilankite phase gradually sharpens. Based on
diffraction peak broadening analysis, the average
crystallite size of the srilankite phase gradually
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Fig.3 Average crystallite size and lattice

strain of both anatase (a) and srilankite
phase (b) as function of milling time

increases and the lattice strain lowers with milling
time. As depicted in Fig. 3(b), the crystallite size is
very small and the lattice strain is comparatively high
in the initial srilankite phase, which contribute to
high free energy in srilankite phase. Therefore, the
srilankite phase is liable to grow to decrease the free
energy and thus lattice strain also lowers.

3.2 Transmission electron microscopy

Figs. 4 (a) and (b) show TEM selected area
diffraction patterns for unmilled and 100 h milled
nanocrystalline Ti0, powders. The analysis of TEM
selected area diffraction pattern ( SADP) also indi-
cates that as prepared nanocrystalline Ti0; is anatase
phase. As shown in Fig. 4 (a), the diffraction rings
are identified as ( 101), (004), (200), (211) and
(105) reflections of anatase phase, respectively. The
selected area diffraction pattern in Fig. 4 (b) is dif-
ferent from that in Fig. 4 (a). The analysis shows
that some new rings form, which are attributed to ru-
tile and srilankite phase (A, R and S stand for anatase,
rutile and srilankite phase, respectively). It is confirmed
that the structure transformation in nanocrystalline anatase
powders is induced during ball milling. The ring corre-
sponding to A(200) reflection of anatase phase disap-
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Fig. 4 SADPs of nanocrystalline Ti0,
(a) —Unmilled; (b) —Milled for 100 h

pears. The amorphization is often induced during
high energy ball milling. However, in our case, there
is no indication of the formation of amorphous phase,
due to no highly diffuse ring in the SADP of the pow-

ders' 9.

3.3 Mechanism of transformation

In general, the anataserutile transformation
takes place at high temperature and the anatase sri-
lankite under high pressure. Liao et al'®! found that
during high pressure/ low temperature sintering,
nanocrystalline anatase transform to either rutile or
srilankite, depending on the combination of pressure
and temperature. According to the temperature pres-
sure diagram of nanocrystalline TiO2, anatase could
transform to srilankite at pressure and temperature as
low as 4.75 GPa and 250 C, respectively. With the
rise of pressure, the temperature of the anatase-rutile
transformation gradually decreased from 550 C at 0.
1 MPato 150 C at 2.5 GPa. But below 150 C, the
anatase-rutile transformation was not observed even at
pressure up to 8 GPa. However, during ball milling,
mechanical activation triggers the transformation from
anatase to srilankite and rutile at room temperature
and under ambient pressure, which should primarily
be attributed to local temperature and pressure in-
creasing at the collision sites of the powders and the

balls.
According to the theory by Maurice and Court-

ney, the average pressure developed across the con-
tacting surfaces at maximum compression for pow der-
less collision is expressed as''!

Poun= gpv"*(9.80/ E)*2E (4)
where g, is a geometrical constant, which is
0. 464 6 for collision of ball on ball; @, and £ are the
density and the elastic modulus of the balls, respec
tively; and v is the precollision relative velocity of the
balls. In a planetary mill,
through the formulal '

MRi+ 4 m+ my(1+ Ryp)](r’+ 2R?)

v can be calculated

V= ; 0
8r [mv+ mp( 1+ RBP)]

ri (5)

where M, Qand R are mass, angular velocity and

radius of the rotational disk, respectively; m,and m,
are mass of the vial and the powders; R is the dis-
tance between the center of the disk and that of the
vial; r is radius of the vial; and Rgp is the mass ratio
of balls to powders. Therefore, under the milling
condition used in this study, it can be estimated that
the precollision relative velocity of the balls is about
3.5 m/s and the impact pressure amounts to 8. 08
GPa. Although the presence of powders will reduce
the pressure reached on collision, the pressure experi
enced by some pow ders is still expected to be high e
nough to trigger the anatasesrilankite transformar
tion.

Mechanical activation can lead to the local tem-
perature rise of the powders at collision sites, AT,
which can be determined by'"!

AT = Qo w?( At/ Tk, Cp) 2 (6)
where v is the velocity of a longitudinal wave in the
balls; B,, Koand C, are density, thermal conductivi
ty and specific heat capacity of powders, respectively;
and At is the impact time given by!'!

A= g™ “*(9.8Q/ E)**R (7)
where  value of gt, a geometrical constant, is
5. 574 4 for collision of ball on ball; R is radius of the
ball. The impact time is estimated to be about 4. 67 X
107 s.
surface of powders is about 420 C.

And thus the local temperature rise at the

Therefore, it is reasonable that local temperature
and pressure may approximate or even exceed the
temperature and the pressure limit of the anatase ru-
tile and the anatase srilankite transformation. In ad-
dition, ball milling leads to an additional energy pro-
duced in the powders, which results from a considerable
number of defects, lattice distortion and the reduction of
the particle size (i. e. the growth of the special surface
area) . The additional energy contributes to raise the free
energy of the anatase phase and lower the potential barrier
of the transformation. After a certain milling time,

(Gt AG™)> (Gt Gy (8)
w here G., G, and G, are the free energy of
anatase, rutile and srilankite phase, respectively; and
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AG” is the additional energy.
4 CONCLUSIONS

1) During high energy ball milling, mechanical
activation induces the transformations of nanocrys-
talline Ti0; from anatase to srilankite and rutile phase
at room temperature and under ambient pressure.

2) The transformation primarily is attributed to
the rise of local temperature and pressure at the collir
sion sites of the powders and the balls. In addition,
an additional energy as the result of defects, lattice
distortion and the refinement of the crystallite is re-
sponsible for the transformations.

3) As milling time increases, anatase phase con-
tent reduces and the amounts of both srilankite and
rutile phase increase. The transformation from sri-
lankite to rutile phase takes place by further milling,
and are triggered.

4) In anatase phase, the crystallite size decreases
and lattice strain rises with milling time. There is no
indication of the formation of amorphous phase during
milling.
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