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a  b  s  t  r  a  c  t

Response  surface  methodology  was  employed  to  study  the  effect  of  three  factors,  namely  as  milling  time,
milling speed  and ball to  powder  weight  ratio,  on the  mechanical  activation  of polymorphic  phase  trans-
formation  in  nanocrystalline  TiO2 powder  and  identify  the  probable  interactions  between  these  factors.
The  response  was  the  rutile  percentage  after  annealing  the  samples.  Based  on  the  statistical  analysis,  ball
eywords:
echanical milling

olymorphic phase transformation
ietveld refinement method
iO2

to powder  weight  ratio  was  found  as the  most  effective  factor  and  just  one  statistically  significant  inter-
action  was  found  between  milling  speed  and  ball to powder  ratio.  It was  also  shown  that  increasing  the
milling time  has  no  significant  effect  on the  phase  transformation  since  the  required  activation  energy  for
the phase  transformation  is  unattainable  under  these  conditions.  The  rutile  percentage  was  calculated
from  X-ray  diffraction  patterns  of  the  samples  via  Rietveld  refinement  method.  Raman  spectroscopy  was
employed  to  verify  the  phase  composition  analysis  based  on  X-ray  diffraction  results.
. Introduction

The polymorphic phase transformation from anatase to rutile in
itanium dioxide (TiO2) has been extensively investigated due to its
nterests to scientific and engineering fields. The fact that a large
umber of reports have been published and are still being published

ndicates its importance [1–6]. Since it is well known that phase
omposition of TiO2 is one of the most critical parameters deter-
ining its properties in different applications, many researchers

ave attempted to understand and control the polymorphic phase
ransformation in this material especially anatase to rutile one
3,7–15]. Even though abundant data have been collected, many
ssues, such as the effect of particle size and treatment conditions,
till remain obscure. The effect of treatment conditions becomes
ore critical in mechanically processing methods like mechanical
illing. In the case of large sized (millimeter-size) single crystals

f anatase, it was proposed that rutile nucleates on the surface of
he anatase crystallites at the temperature range of 900–950 ◦C

16]. TiO2 is a monotropic material and the transformation tem-
erature of anatase to rutile depends on the employed precursor
nd the particle size, as well as the treatment method [17]. It was
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reported, however, that the polymorphic phase transformation of
TiO2 can be activated at temperatures as low as ambient temper-
ature via mechanical milling method [4,6,8,18–20]. In spite of this
great potential, the characteristics of this method and the accurate
effect of its parameters on the transformation have not been com-
pletely understood by the researchers because of the limitations for
in situ analysis inside the milling jars [21]. The much lower tem-
perature of mechanically activated transformation in comparison
with the thermally activated one can be attributed to the presence
of the amorphous phase in the former transformation. The crys-
tallization temperature of the amorphous phase to rutile phase is
lower than that of anatase to rutile transformation because of the
higher driving force of the former transformation [22].

Different factors can affect the polymorphic phase transfor-
mation during mechanical milling. However, previous studies on
different milling parameters affecting the TiO2 phase transforma-
tion have been conducted by employing the ‘one-factor-at-a-time’
methodology [1,23–26]. Such a methodology fails to reveal any
interactions that may  occur amongst the factors [27], whereas
these interactions might be important. To the authors’ best knowl-
edge, there is no through work reporting the simultaneous effect
of milling parameters and their probable interaction on the phase
transformation behavior of TiO2. Recently, soft computing intel-

ligence techniques, such as artificial neural networks (ANN) and
genetic algorithms (GA), as well as statistical experiment design
techniques, such as response surface method (RSM), have been
widely applied in many engineering and research issues. RSM is

dx.doi.org/10.1016/j.jallcom.2011.06.015
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:m_rezaee@aut.ac.ir
dx.doi.org/10.1016/j.jallcom.2011.06.015


M. Rezaee et al. / Journal of Alloys and Co

Table 1
Experiments designed by employing central composite design approach.

Run number Factors Response (mean ± SD)
rutile (wt%)

t (hour) V (rpm) BPR

1 2 400 10 1.100 ± 1.10
2 2 600 10 3.895 ± 0.06
3 5 400  10 2.620 ± 0.61
4 5  600 10 7.915 ± 0.69
5  2 400 30 48.280 ± 0.40
6  2 600 30 94.635 ± 2.91
7  5 400 30 70.110 ± 0.09
8 5 600 30 93.225 ± 6.78
9 3.5  400 20 25.020 ± 3.09

10 3.5 600 20 83.170 ± 3.46
11  2 500 20 58.050 ± 3.98
12 5 500 20 94.345 ± 3.07
13  3.5 500 10 3.985 ± 0.15
14  3.5 500 30 81.030 ± 2.30
15  3.5 500 20 60.485 ± 7.74
16  3.5 500 20 80.175 ± 0.66
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where different phase compositions are required for achieving a
17  3.5 500 20 80.600 ± 5.88
18 3.5 500 20 73.855 ± 3.14

ne of the most powerful collections of mathematical and statistical
esign tools which is able to simultaneously consider several fac-
ors at different levels and give a model for the correlation between
he various factors and the response. In these applications, the
ngineering objective is to find the significant variables together
ith their optimum values, and the possible interactions between

ach two effective factors. RSM has been applied in a wide variety
f industrial setting and parameter optimizations such as chemi-
al, semiconductor and electronic manufacturing, machining, and
etal cutting processes. Not only it can save a lot of time but also

an build models quickly and accurately in an optimization design
28].

The present work addresses a fairly complete investigation of
he effect of milling parameters on TiO2 polymorphic phase trans-
ormation with the help of response surface methodology using a
entral composite design (CCD). The relative content of different
hases in the samples was calculated via Rietveld refinement of
-ray diffraction patterns and confirmed via Raman spectroscopy.

. Materials and methods

.1. Ball milling experiments

Fully anatase phase nanocrystalline TiO2 powder (Sigma–Aldrich) with mean
rystallite size of around 70 nm was used as the starting material of milling experi-
ents. Eighteen milling runs with two replicates for each one was designed applying

esponse surface methodology. Milling was conducted in a high-energy planetary
all  mill consisting of two hard chromated stainless steel jars. A 70:30 ratio (weight
ercent) mixture of 10–5 mm in diameter hard chromated stainless steel balls was
sed during milling process. Each jar was loaded with five-gram powder. As-milled
amples were annealed at 850 ◦C for 2 h to promote the TiO2 phase transformation
o  be completed.

.2. Design of experiment via response surface methodology

Eighteen runs consisting of 6 star points (star distance was  0) and 4 center points
ere generated by the principle of RSM using MINITAB Release 15. To develop a sec-

nd order polynomial model, a central composite design (CCD) with multiple linear
egression was  employed to estimate the model coefficients of the three selected
actors believed to influence rutile content of the samples, with each factor set at its
igh level (+1), low level (−1) and medium level (0).

Amongst different milling parameters, milling speed, milling time and ball to
owder weight ratio were selected to be investigated due to their higher impor-
ance reported in literature [4,6,25,29,30].  Experiments were conducted at different

evels of the factors based on the previous works [1,6,7,18,23,29–31]. The levels
sed for these three factors, according to a CCD, are listed in Table 1. The post-
nnealing parameters for all experiments were kept constant to provide appropriate
onditions to evaluate the effect of the mechanical milling on the activation of
mpounds 509 (2011) 8912– 8916 8913

polymorphic phase transformation of nanocrystalline TiO2 powder at ambient tem-
perature.

All  the experiments were performed with two replicates and the results for the
response were reported as a mean value of each two responses in a randomized
order to avoid systematic bias.

Finally, a quadratic polynomial regression model (Eq. (1)) was employed to
estimate and predict the response value over a range of input factors’ values [27]:

Y  = b0 +
∑k

i=1
biXi +

∑k

i=1
biiX

2
i

+
∑k−1

i=1

∑k

j=i+1
bijXiXj (1)

where Y is the dependant response variable (i.e. the percentage of rutile phase in
milled powders after annealing for 2 h at 850 ◦C), b0 is the intercept term, bi , bii ,  and
bij are the measures of the effect of variable Xi , Xi

2 and XiXj , respectively. Xi and Xj

represent the independent variables and k is the number of these factors. In this
case k is three and includes milling time (t), milling speed (V) and ball to powder
weight ratio (BPR). The variable XiXj represents the first order interaction between
Xi and Xj (i < j). The purposes of considering a model such as (Eq. (1))  are [32]:

1.  To establish a relationship, albeit approximate, between y and X1,  X2,. . .,  Xk that
can  be used to predict response value (Y) for a given settings of the control
variables.

2. To determine, through hypothesis testing, significance of the factors whose levels
are  represented by X1, X2,. . .,  Xk .

3. To estimate the optimum settings of X1, X2,. . .,  Xk that result in the maximum (or
minimum) response over a certain region of interest.

The analysis of variance (ANOVA) for quadratic model was performed at 10%
confidence level (P-value < 0.1). The significance and the magnitude of the effects
estimations for each variable and all their possible linear and quadratic interactions
were also determined. At last, the model was used to predict main effective factors.
All the analysis was carried out using MINITAB Release 15.

2.3.  Characterization methods

Phase characterization of the powders was conducted using a GBC MMA  X-
ray  diffractometer (XRD) with Cu K�1 radiation (� = 1.54056 Å) in the 2� range of
20–100◦ with a step size of 0.02◦ and a step time of 1.2 s. The dependant response
variable of the design of experiment (rutile percentage) was calculated via Rietveld
powder structure refinement method employing Materials Analysis Using Diffrac-
tion (MAUD) software (Version 2.26) [33]. Popa fitting model [34] was utilized
to  analyze the XRD patterns. The crystallographic information as well as starting
parameters of site occupancies and lattice parameters were taken from database of
the  analyzing Rietveld program (MAUD).

In order to confirm the values calculated from XRD patterns for the relative phase
contents, three samples were selected to be investigated via Raman spectroscopy
method. The samples were chosen in such a way to have different compositions as
one fully anatase phase (sample 1), one fully rutile phase (sample 8) and one with a
combination of anatase and rutile phases (sample 7). Raman spectra were collected
employing a confocal Raman microscope of LabRAM HR, Horiba Jobin Yvon SAS.

3. Results and discussion

3.1. Calculation of the response

The overlaid XRD patterns of all eighteen samples are shown
in Fig. 1. As it can be seen, XRD patterns of all samples include
different peaks related to both anatase and rutile phases with dif-
ferent intensity ratios. In order to determine the relative content
of individual polymorphic TiO2 phases in all samples, a full pattern
modeling method, named Rietveld refinement method [33], was
employed to fit the experimental XRD patterns with the theoreti-
cal patterns drawn according to the existing crystallographic data
by the use of MAUD software. This methodology takes care of all
reflections stemmed from each phase present in such a multiphase
material, whether overlapped or not, and provide a very accurate
result. Close observation of Fig. 1 reveals that different levels of
milling factors can result in various phase compositions ranged
from a fully anatase phase to a fully rutile phase. The ability of
milling processing method to drive a phase transformation through
different ways seems to be an appropriate and helpful alternative
variety range of properties.
Fig. 2 shows the Raman spectra of three selected samples (1, 7

and 8) recorded with a laser beam of 632.8 nm wavelength. Anatase
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Table 2
Values of regression coefficients calculated for the rutile percentage after annealing
the milled samples for 2 h at 850 ◦C.

Independent factor Regression
coefficient

Standard error T-value P-value

Constant −474.549 168.718 −2.813 0.023
Linear
t  −21.094 26.513 −0.796 0.449
V  1.667 0.717 2.327 0.048
BPR  9.115 3.632 2.510 0.036
Quadratic
t·t  4.090 3.131 1.306 0.228
V·V  −0.014 0.001 −2.333 0.048
BPR·BPR  −0.246 0.070 −3.498 0.008
Interactive
ig. 1. XRD patterns of all eighteen samples prepared based on experimental design.

s tetragonal and belongs to the space group I4/amd [35]. There are
ix allowed bands in the first-order Raman spectrum of anatase at
44 cm−1 (Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 516 cm−1 (A1g + B1g),
nd 639 cm−1 (Eg). The Raman band occurring at 516 cm−1 at ambi-
nt temperature is split into two peaks centered at 513 cm−1 (A1g)
nd 519 cm−1 (B1g) at 73 K [2].  Rutile is also tetragonal and belongs
o the space group P42/mnm  [35]. There are four Raman active

odes with symmetry of A1g, B1g, B2g, and Eg at 143 cm−1 (B1g),
47 cm−1 (Eg), 612 cm−1 (A1g), and 826 cm−1 (B2g) [2].  As it can be
een in Raman spectra of samples 1, 7 and 8 (Fig. 2), the Raman
ands located at ∼138 cm−1, ∼192 cm−1, ∼393 cm−1, ∼515 cm−1,
nd ∼636 cm−1 can be ascribed to the anatase phase, and the bands
ocated at ∼138 cm−1, ∼237/242 cm−1, ∼439 cm−1, and ∼617 cm−1

an be assigned to the rutile phase. Regarding the intensity and the
idth of the Raman bands of these three samples, it is very likely for

ample 1 to be completely consisted of anatase, which is in confor-
ity with the result of XRD calculations (1.10%). The second-order

cattering is more intense than one-phonon scattering in rutile,

hile in the case of anatase, only a few weak bands are observed
ue to two-phonon scattering [2,36].  Furthermore, for the samples
ontaining both anatase and rutile such as sample 7, a small hint
f some weak Raman bands appears in the shoulder of the rutile’s

Fig. 2. Raman spectra of samples 1, 7 and 8.
t·V  −0.014 0.027 −0.498 0.632
t·BPR  0.162 0.273 0.592 0.570
V·BPR 0.008 0.008 1.848 0.102

Raman bands at high wave numbers (Fig. 2) which can be attributed
to the anatase phase. Such a conclusion for sample 7 is in a well
semi-quantitative agreement with XRD calculations (∼70% rutile).
All the Raman bands in the Raman pattern of sample 8 (Fig. 2) are
consistent with Raman bands related to rutile phase. XRD calcu-
lations also show that this sample almost completely consists of
rutile phase with a small hint of anatase phase.

3.2. Model fitting

The values of rutile percentage of the milled samples after
annealing for 2 h at 850 ◦C are listed in Table 1 for all 18 combi-
nations of factor levels. It can be observed that these values cover
a complete range of transformation from anatase to rutile from
around 0 to 100% which is an evidence for the appropriate selection
of the factors’ levels.

Table 2 presents the values of the regression coefficients. At 10%
confidence level, two  linear terms of V and BPR, quadratic terms
of V and BPR as well as interactive term of V × BPR are statisti-
cally significant. According to the results presented in Table 2, the
effect of milling time (t) on mechanical activation of polymorphic
phase transformation in nanocrystalline TiO2 powder is statistically
insignificant; in other words, the amount of rutile in mechani-
cal activation process of phase transformation is independent of
the milling time. If the impact energy attained by the particles
is lower than the required energy for activating the polymorphic
phase transformation, increasing the milling time cannot promote
the transformation process [37]. On the other hand, according to
the results of Table 2, both milling speed (V) and ball to powder
weight ratio (BPR) play the major roles in providing the required
transformation energy in which, size of balls should be selected in
such a way that can provide sufficient energy to activate the phase
transformation. Afterwards, at high levels (+1) of these two param-
eters, an increase in milling time can promote the polymorphic
phase transformation in nanocrystalline TiO2 powder.

According to the calculated values for the regression coefficients
(Table 2), a polynomial equation is proposed as follows:

Rutile% = −474.549 + 10667 (V) + 9.115 (BPR) − 0.002 (V)2

− 0.246 (BPR)2 + 0.008(V · BPR) (2)

This equation fits 93.64% with the variations in data. As it was
mentioned above, milling time (t) and speed (V) and BPR are the
independent factors of experimental design, while the rutile per-

centage is the dependent parameter of the process. The concept
of ANOVA is really quite simple: to compare different sources of
variance and make inferences about their relative sizes [38]. It is
fundamental that an experiment is designed properly for the data
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Table 3
ANOVA table.

Dfa SSb MSc F-values P-values

Total 17 21061.4
Regression 5 19322.8 3864.57 26.68 0.000
Residual error 12 1738.5 144.88
Lack  of fit (model error) 3 840.1 280.02 2.81 0.101
Pure  error (Replicate error) 9 898.4 99.83
R2 94.89%

t
m
w
p
T
w
t

3

a
T
t

p
r
e

a Df = degrees of freedom.
b SS = sum of squares.
c MS  = mean squares.

o be useful and reliable. ANOVA is a useful system to check the
ain influence of a factor and the contribution due to its interaction
ith the others. ANOVA results of milling activation of polymorphic
hase transformation in nanocrystalline TiO2 powder are listed in
able 3. The estimated P-value for the regression (P ≤ 0.1) together
ith this value for the lack of fit (P > 0.1), indicate the suitability of

he model.

.3. Study of mainly effective factors

In order to investigate the most effective factor in mechanical
ctivation of polymorphic phase transformation in nanocrystalline
iO2 powder, the main effects plots for rutile percentage were plot-
ed (Fig. 3).

The plots demonstrate that how different factors affect the inde-

endent response (rutile percentage). As it can be seen from Fig. 3,
esponse variation is around 80% by changing BPR from its low-
st level to the highest one; while this variation is around 35% for

Fig. 3. Main effects plots for rutile percentage.
milling speed under the same change in the level of V. Thus, BPR
is the most significant factor amongst three factors in the studied
ranges.

The effect of the ball to powder weight ratio (BPR) (Fig. 3(a)) can
be explained based on the fact that the required time for the com-
pletion of mechanically activated transformation decreases with an
increase in BPR due to the higher collision energy at higher BPRs
[21]. In contrast, the main effect plot of milling speed (V) (Fig. 3(b))
shows an optimum value for the response. It is very likely that the
faster the mill rotates, the higher would be the energy gained by
the powder. However, above a critical speed, the balls are pinned
onto the inner walls of the jar and, hereby, do not fall down to exert
any impact force. Consequently, the maximum speed should be just
below a critical value so that the balls fall down from the maximum
height to generate the maximum collision energy [21]. The only
remained point is the time of milling. Although milling time is an
insignificant factor in the studied range, it should be essentially so
chosen as to achieve a steadiness between the fracturing and cold
welding of the powder particles to prevent high agglomeration in
very long times. Agglomeration can act as a barrier for further trans-
formation. Consequently, it is better to mill the powder just for the
required duration and not any longer. On the other hand, it should
be noted that increasing the milling time wastes more energy and
enhances the probability of contamination [21].

3.4. Study of interaction amongst milling factors

In the cases where interaction between two factors is statis-
tically significant, surface plots give more complete information

regarding the effect of a factor on the response. Surface plot pre-
sented in Fig. 4 shows the mutual effect of the V and BPR factors on
the rutile weight percentage of the milled samples after annealing
for 2 h at 850 ◦C.

Fig. 4. Surface plot for rutile weight percentage of milled samples after annealing
for  2 h at 850 ◦C with respect to V and BPR (with milling time fixed at its middle
value).
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ig. 5. Contour plot for rutile weight percentage of milled samples after annealing
or 2 h at 850 ◦C with respect to V and BPR (with milling time fixed at its middle
alue).

As it can be seen in Fig. 5, the effect of milling speed (V) becomes
ore crystallized in mechanically activated phase transformation

f nanocrystalline TiO2 with increasing BPR. Such a trend can be
bserved when both BPR and V increase. Since the charge weight
f the initial powders is constant for all the experiments, the balls
umber increases with an increase in BPR. Consequently, the pow-
ers participated in each collision decreases by increasing BPR
7]. Considering two different experiments with the same milling
peed, it can be concluded that for a given collision time, an increase
n BPR leads to higher energy releasing for each particle. On one
and, the collision frequencies of both ball to ball and ball to
all impacts increase by increasing V which in turn, leads to a
igher kinetics energy transfer to the particles. The higher kinet-

cs energy results in an excessive microstructural defects such as
islocations and vacancies [39]. On the other hand, it is very likely
hat the microstructural changes in higher milling speeds reduce
he microstructural diffusion path lengths. Since “nucleation and
rowth” mechanism is the predominant mechanism on mechan-
cally activated phase transformation in nanocrystalline TiO2 [6],
he presence of microstructural defects as well as shortening the
iffusion paths can promote the phase transformation rate. Addi-
ionally, the higher impact energy due to an increase in both V and
PR factors may  potentially provide the sufficient energy for the
ctivation of phase transformation. As a result, it seems that the
imultaneous increase of these two factors has a synergistic effect
n the phase transformation rate promotion.

Fig. 5 shows the contour plot for rutile weight percentage with
espect to V and BPR factors. As it can be seen in this plot, the chang-
ng range of BPR factor becomes limited to its higher values with
ncreasing V factor to its higher values and vice versa. Such a trend
n contour plot also proves the synergistic effect of V and BPR on
he phase transformation rate.

. Conclusion

Response surface methodology was employed to investigate
he mechanical activation of the polymorphic phase transforma-
ion in nanocrystalline TiO2 powder and to examine the effect of
hree most effective factors namely as milling time, speed and

all to powder weight ratio on it. Just one statistically significant

nteraction was found between milling speed and ball to powder
eight ratio. It was shown that the milling time can be a statis-

ically insignificant factor on the phase transformation unless the

[

[

ompounds 509 (2011) 8912– 8916

required energy for the activation of phase transformation is pro-
vided by proper selection of the other factors’ levels. It was also
found that the effect of ball to powder weight ratio on polymor-
phic phase transformation in nanocrystalline TiO2 is much higher
than milling speed’s effect. It was  observed that the higher ball
to powder weight ratio, the more rutile phase in the milled pow-
der after annealing. There is an optimum value for milling speed
in which the rutile percentage approaches to its maximum value.
A fairly good agreement between XRD and Raman spectroscopy
results was  found regarding the phase composition of the powder
samples.
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