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bstract

High-energy ball milling of Al2O3–13 wt% TiO2 and Al2O3–44 wt% TiO2 powders have been studied and more precisely the effect of the
ddition of a milling agent and the relative speed of the vials. The evolution of the microstructure of the milled powders has been studied by
-ray diffraction and the evolution of the specific surface areas has been determined. The pressure and the temperature inside the vials have been

ecorded. The milling of the powders induces the transformation of the anatase TiO2 phase into the high-pressure TiO2(II) phase and partly into
he rutile TiO phase. A decrease in the corundum crystallite size is also evidenced. The addition of PVA as a milling agent in order to avoid severe
2

gglomeration appears to be efficient to enhance the milling effect. The formation of the TiO2(II) phase can be controlled thanks to the vials speed
nd the milling time in order to obtain quite exclusively this high pressure TiO2 phase that could be interesting to manufacture nanostructured
eposits.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The manufacturing of nanostructured materials presents an
ncreasing interest. Indeed, they are very promising materials
ue to their enhanced properties. In the case of Al2O3–TiO2
oatings, they present superior properties like higher hardness
nd enhanced fracture toughness as compared to their coun-
erparts containing microscale grains [1]. Our work, dedicated
o this system, is part of the NAMAMET European program
hat deals with the manufacturing of nanocrystalline materials
hrough metastability. More precisely our aim is to study the
ffect of high-energy ball milling of powders in this system
nd afterwards its impact on the characteristics of powders and
eposits obtained by the plasma spraying process.

In the present work, we focus on the effect of the milling
arameters (like shock energy, friction energy to total energy
atio, addition of a dry milling agent to prevent severe agglom-
ration) on the structural parameters (nature of the phases, grain

ize) of the powders. Two compositions have been chosen:
l2O3–13 wt% TiO2, that is often studied concerning the manu-

acturing of coatings by thermal spray from commercial powders
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1–4] and Al2O3–44 wt% TiO2 that corresponds to the compo-
ition of the definite compound Al2TiO5.

. Experimental

The titania powder (Tiona® AT-1, purity ≥98.5%, anatase ≥98%, Millenium
norganic Chemicals) and the alumina powder (P152SB, corundum, Aluminium
echiney) were ball milled in air using a Fritsch planetary ball mill, Pulverisette
so-called Vario-Mill, with vials and ball made of steel. The absolute speed of

he disc is of 250 rpm and the one of the vials was of −50, −127.5 or −300 rpm,
he corresponding relative speeds being of, respectively, −1.2, −1.51 and −2.2.
hirty grams of powder were milled with 15 balls of 15 mm. The milling time
aried from 30 min to 24 h.

X-ray diffraction (XRD) was used to determine the structural changes as
hase transformation and crystallite size evolution. The data were collected
sing a D5000 Siemens diffractometer (Cu K� radiation). The evolution of the
pecific surface area according to the milling conditions was determined by
he N2 BET method, using a Quantachrome Autosorb Automated Gas Sorption
ystem, Quantachrome Corporation. The pressure and the temperature inside the
ials were recorded during the ball milling by a GTM system, kindly provided
y Fritsch.

. Results and discussion
.1. Effect of the milling conditions on the microstructure

The addition of a milling agent in order to prevent a severe
gglomeration during milling and the relative speed of the vials

mailto:sandrine.coste@univ-lemans.fr
dx.doi.org/10.1016/j.jallcom.2006.08.117
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Fig. 2. XRD patterns of Al2O3–44 wt% TiO2 powders according to the milling
times and (a) ω = −127.5, (b) ω = −300. The addition of 1 wt% of PVA for a part
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ening. As the contribution of the strains to the broadening is
neglected in that calculation, the crystallite size may be under
estimated. However, it gives a trend of the evolution of the crys-
tallite size and in all cases it evidences the importance of the
ig. 1. XRD patterns of Al2O3–44 wt% TiO2 powders ball milled at 250 and
127.5 rpm for 12 h with 1% of PVA or stearic acid. Curves are arbitrary verti-

ally shifted for clarity.

re the main investigated parameters in order to study their effect
n the microstructure.

.1.1. Effect of a dispersing agent on the milling
As an important agglomeration was observed after high-

nergy ball milling, mostly for the Al2O3–44 wt% TiO2 mix-
ures, the addition of a dispersing agent was considered. The
ffect of the addition of 1 wt% of two agents has been deter-
ined, the studied compounds being a polyvinyl alcohol (PVA)

nd a stearic acid.
After a milling at 250 and −127.5 rpm for 12 h, the powders

re less agglomerated with both agents. In order to determine
he effect on the microstructure, the powders have been char-
cterized by XRD. The XRD patterns (Fig. 1) allow to observe
hat the transformation of the anatase TiO2 phase into the high
ressure TiO2(II) phase is less important with the addition of
tearic acid. The stearic acid leading to a lower transforma-
ion of the anatase phase and PVA being afterward used for
he granulation of the powders in order to obtain sprayable
rains, we have chosen PVA as a dispersing agent for our milling
tudy.

.1.2. Effect of the milling parameters
In this part we will focus on the effect of the milling speed

nd time. For a speed of the disc (Ω) of 250 rpm and for absolute
peeds of the vials (ω) of −50, −127.5 and −300 rpm, the shock
nergy is of 0.084, 0.085 and 0.099 J, the power per ball of 0.37,
.41 and 0.32 W/g and the friction energy to the total energy ratio
f 9, 32 and 26%, respectively. The milling times (�t) were of
0 min, 2 h, 5 h, 12 h and 24 h. A milling condition is noted in
he following (�/−ω/�t).

The nature of the crystalline phases and an estimation of
he evolution of the size of the corundum crystallites have been
etermined by XRD. The XRD patterns collected between 15◦
nd 90◦ in 2θ are presented in Fig. 2 for the Al2O3–44 wt%

iO2 powders and in Fig. 3 for the Al2O3–13 wt% TiO2 pow-
ers, between 20◦ and 60◦ in 2θ for a better understanding. For
he Al2O3–44 wt% TiO2 powders, from a milling time of 2 h, the
ransformation of the anatase TiO2 phase into the TiO2(II) phase

F
t
v

f the samples is noted at the spectrum. Curves are arbitrary vertically shifted
or clarity.

s noticeable. For longer times, the stable rutile TiO2 phase is
lso identified, more particularly for milling times of 12 and 24 h.
he general sequence of phase transformation: anatase → high-
ressure TiO2(II) → rutile has already been reported in the lit-
rature for the milling of the anatase TiO2 phase [5–6]. The
echanisms responsible for the transformation of anatase into

utile are not well understood. As mentioned by Jentoft et al.
7] some authors have proposed a local heating whereas oth-
rs have claimed that the pressure produced by the balls on the
aterial during milling, is the driving force. They also indicate

hat the decrease of the average particle size may also affect the
hase transition. In order to determine the effect of milling on
he stable corundum Al2O3 phase, we have estimated the evolu-
ion of the crystallite size (Fig. 4) from XRD broadening using
he Scherrer equation, after correction for instrumental broad-
ig. 3. XRD patterns of Al2O3–13 wt% TiO2 + 1% PVA powders according
o the milling times and (a) ω = −127.5, (b) ω = −300. Curves are arbitrary
ertically shifted for clarity.
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Fig. 5. In situ measurements of the pressure and the temperature during milling
by a GTM system for Al2O3–13 wt% TiO2 and Al2O3–44 wt% TiO2 powders
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ig. 4. Minimal corundum crystallite size as estimated from XRD line broad-
ning by using the Scherrer equation.

ffect of the milling conditions on the alumina, a decrease of the
rain size and an increase of the strains leading to mechanical
ctivation [8]. The milling condition of (250/300), that corre-
ponds to the higher shock energy, is more efficient than the
ne of (250/127.5) for the transformation of the anatase TiO2
hase into the TiO2(II) phase and for the decrease of the corun-
um crystallite size. An even lower efficiency was observed for
250/50), but no important investigations have been performed.
lthough phase transformations induced by ball milling have
een widely reported, the effect of the milling conditions (ball-
o-powder ratio, shock energy, friction energy-to-total energy
atio, etc.) has not been investigated in detail. However, Sort et
l. [9] have already shown that the fcc–hcp transformation in ball
illed Co powder can be tailored by varying the milling param-

ters. As expected, the addition of 1 wt% PVA has been found
o improve the milling as the corundum crystalline size after a

illing with (250/127.5/12 h) is smaller (about 75 nm instead
f 90 nm without PVA) and the transformation of the anatase
hase is increased. However, the formation of the definite com-
ound Al2TiO5 is not evidenced. For the Al2O3–13 wt% TiO2
ixtures, similar effect of the milling conditions is observed.
owever, the transformation of the anatase TiO2 phase into the
iO2(II) phase is quite completed after only 5 h of milling and

he rutile TiO2 phase seems to be noticed with milling condition
250/300/12 h). For these powders, the grain size of the corun-
um phase is smaller than in the previous system. This could be
xplained by the fact that in this system the percentage of titania
s far smaller and the transformation of the anatase TiO2 phase

ay need more energy than the decrease in size of the corundum.
he higher decrease of the alumina grain size can also be due

o the lower agglomeration of the Al2O3–13 wt% TiO2 powders
ompared to the Al2O3–44 wt% TiO2 powders, the efficiency
f the milling thus being increased. Such behaviour could also
xplain the faster transformation of the anatase phase with higher
lumina contents, no further correlation between the transforma-
ion kinetic of the anatase and the addition of alumina being yet

ossible.

Concerning the contamination of the powders due to the wear
f the vials and balls, no iron has been observed by XRD as well
s by EDX, even after a 24 h milling.

F
A
1

all milled with 1 wt% of PVA at 250 and −127.5 rpm. For the Al2O3–13 wt%
iO2 powders the milling has been stopped after 12 h.

.2. In situ measurement of the pressure and temperature
nd evolution of the specific surface area

In order to observe possible thermal phenomenon and the
ormation of new surfaces, in situ pressure and temperature
ave been measured during milling as well as the specific
urface area by the BET method. The curves obtained with
250/127.5) are presented Fig. 5 for the Al2O3–13 wt% TiO2
nd Al2O3–44 wt% TiO2 powders with the addition of 1 wt%
f PVA. No specific thermal phenomenon is observed during
illing. After about 2 h of milling, we can observe a decrease of

he pressure after its stabilization, while the temperature remains
onstant. The decrease of the pressure may be due to the adsorp-
ion of oxygen on the new surfaces formed during the milling.
he evolution of the specific surface area, shown in Fig. 6 is

n good agreement with this conclusion for the Al2O3–44 wt%
iO2 mixtures as the specific surface area increases during the
illing. However, for the Al2O3–13 wt% TiO2 powders, we do

ot observe a significant increase of the specific surface area.
his could be due to the fact that while new surfaces are formed,
articles stick together, resulting in no change of the surface
ig. 6. Evolution of the specific surface area of Al2O3–13 wt% TiO2 and
l2O3–44 wt% TiO2 powders ball milled with 1 wt% of PVA for 30 min, 5 h,
2 h and 24 h at 250 and −127.5 rpm.
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. Conclusion

The effect of the addition of a milling agent and of the
elative speed of the vials on the high-energy ball milling of
l2O3–13 wt% TiO2 and Al2O3–44 wt% TiO2 powders have
een studied. The addition of the PVA as a dispersing agent in
rder to avoid a severe agglomeration favors the milling. The
ptimization of the speed of the vials also allows to enhance the
ransformation of the anatase TiO2 phase into the high-pressure
iO2(II) phase and the decrease in size of the corundum. These
echanically activated powders are very interesting for the
anufacturing of nanostructured deposits through the plasma

praying process as they are constituted of another metastable
hase, the TiO2(II) phase that can be obtained quite exclusively
ccording to the milling process.
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