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a b s t r a c t

Nanocrystalline stoichiometric Ti0.9Al0.1N powder has been prepared by ball-milling the �-Ti (hcp) and
aluminum (fcc) powders under N2 at room temperature. Initially, �-Ti phase partially transformed to the
transient cubic �-Ti phase and Ti0.9Al0.1N (fcc) phase is noticed to form after 3 h of milling. Nanocrystalline
stoichiometric Ti0.9Al0.1N phase is formed after 7 h of milling. After 1 h of milling, all Al atoms are diffused
into the �-Ti matrix. The transient �-Ti phase is noticed to form after 1 h of milling and disappears
vailable online 1 October 2010
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completely after 7 h of milling. Microstructure characterization of unmilled and ball-milled powders
by analyzing XRD patterns employing the Rietveld structure refinement reveals the inclusion of Al and
nitrogen atoms into the Ti lattice on the way to formation of Ti0.9Al0.1N phase. Microstructure of ball-
milled samples is also characterized by HRTEM. The particle size of Ti0.9Al0.1N phase, as obtained from
XRD method, is ∼5 nm which is very close to that obtained from HRTEM.
anocrystalline Ti0.9Al0.1N
icrostructure

. Introduction

In recent years, metal nitrides particularly, different (Ti,Al)N
ompositions have been studied extensively because they exhibit
igh hardness, good wear resistance and high oxidation resistance
t elevated temperatures (over 1075 K) [1–3]. Due to these advan-
ages, (Ti,Al)N has become one of the best coating material for
utting tools, especially for dry and high speed machining [4,5].
o improve the mechanical and tribological properties, various
itanium-containing coating materials such as TiN, TiC, TiCN and
iAlN systems are of great interest for a long time due to their high
ardness, low friction coefficient and high wear resistance [6–17].
he unique property of TiN makes it an excellent candidate for vari-
us applications in the field of hard coating. However, TiN oxidizes
asily at higher temperatures which decrease in the wear resis-
ance [18,19] and its performance as hard coating can be improved
o a large extent by substituting some Ti atoms by lighter Al atoms
aving smaller atomic radii [12]. The hardness of (Ti,Al)N coating
epends on the Ti/Al ratio. It has been revealed that the hardness
ncreases with increasing Al atoms up to x = 0.6 in Ti1−xAlxN coat-
ng. For x > 0.7, hardness of the film decreases as the addition of
xcess Al, favours for phase transition from NaCl structure (TiN) to
lN wurtzite structure [20,21].

∗ Corresponding author. Tel.: +91 342 2657800; fax: +91 342 2657800.
E-mail address: skp bu@yahoo.com (S.K. Pradhan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.117
© 2010 Elsevier B.V. All rights reserved.

It has been reported that (Ti,Al)N coating can be used as the
storage node electrode barriers for the fabrication of high-density
CMOS memory devices [22–25]. As the alternative material to TiN,
(Ti,Al)N can also be applied as the upper electrode for dynamic ran-
dom access memory (DRAM) devices [26]. Furthermore, (Ti,Al)N
coatings exhibit good performance on hydrogen permeation bar-
rier [27] and finds application also in temperature controlling for
the satellite [28,29]. So far, TiN based multi-component hard coat-
ings, such as nanocomposite, Ti–Si–N and Ti–Al–N systems have
been extensively studied [30] based on their preparation meth-
ods and characterizations. However, there is no report on synthesis
of nanocrystalline (Ti,Al)N powder by high-energy ball milling the
elemental Ti and Al powders in presence of N2 gas and their nanos-
tructure characterization.

High-energy ball milling has now become one of the con-
ventional methods for production of nanocrystalline materials.
Formation of nanocrystalline particles followed by several poly-
morphic phase transformations in ball-milling process is reasoned
by the formation of huge amount of lattice imperfections. X-ray
characterization technique based on structure and microstructure
refinement is usually preferred [31–37] to measure these lattice
imperfections and their nature in order to find the reason for

phase transformations in ball-milled nanocrystalline materials. As
physical properties of a material depend upon its microstructure,
materials with desirable properties can be designed by control-
ling the microstructure accordingly. In the present study, X-ray
diffraction patterns of almost all ball-milled powders, milled for

dx.doi.org/10.1016/j.jallcom.2010.09.117
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ifferent durations are composed of a large number of overlap-
ing reflections of �-Ti, �-Ti and Ti0.9Al0.1N phases. The Rietveld’s
nalysis based on structure and microstructure refinement [38,39]
as been adopted in the present analysis for precise determina-
ion of several microstructural defect parameters (changes in lattice
arameters, atomic positions, particle sizes, r.m.s. lattice strains,
tc.) as well as relative phase abundance of individual phases devel-
ped in the course of milling. Microstructure of 12 h ball-milled
i0.9Al0.1N powder has also been characterized by high-resolution
ransmission electron microscope (HRTEM).

. Experimental

Accurately weighed mixture of 0.9 mol fraction of �-Ti (Alfa Aesar, purity 99.5%)
nd 0.1 mol fraction of Al (Loba Chemie, purity 99.7%) powders was ball milled under
2 atmosphere in room temperature in a planetary ball mill (Model P5, M/S Fritsch,
mbH, Germany) using a vial of 80 ml volume and 30 balls, both made of hard-
ned chrome steel. The milling was paused after every 15 min to refill the vial with
resh N2 to maintain constant pressure inside the vial during milling. Homogenized
owder mixture was milled for 1 h, 3 h, 5 h, 7 h and 12 h durations to study the
ate of growth of (Ti,Al)N phase as well as microstructural changes evolved in the
ourse of milling. The X-ray powder diffraction patterns of unmilled mixture and all
all-milled powders were recorded in step scan (step size 0.02◦ 2�; counting time
–10 s/step) mode using Ni-filtered Cu K� radiation from a highly stabilized and
utomated Philips X-ray generator (PW1830) operated at 40 kV and 20 mA. The gen-
rator is coupled with a Philips X-ray powder diffractometer consisting of a PW 3710

pd controller, PW 1050/37 goniometer, and a proportional counter. Microstruc-

ure as well as selected area electron diffraction (SAED) patterns of ball-milled
amples were characterized using a HRTEM (FEI, TECNAI G2 20, TWIN) operated
t 200 kV, equipped with a GATAN CCD camera. Samples were dispersed in ethanol,
onicated and subsequently a drop of it was put on a copper grid for TEM study.
elected area electron diffraction (SAED) pattern and microstructure characteriza-
ion of 12 h ball-milled sample was also done by analyzing different HRTEM images.
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ig. 1. Rietveld analysis of XRD patterns (—) of unmilled �-Ti and Al mixture ball-milled
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Compounds 509 (2011) 620–626 621

3. Method of analysis

In the present study, we have adopted the Rietveld’s structure
and microstructure refinement method [40–46] to characterize
the microstructure of unmilled and ball-milled samples. In the
Rietveld method, the least-square refinements were carried out
until the best fit was obtained between the entire observed pow-
der diffraction pattern taken as a whole and the entire calculated
pattern based on the simultaneously refined models for the crystal
structure(s), diffraction optics effects, instrumental factors, other
specimen characteristics. The Rietveld software MAUD [39] is spe-
cially designed to refine simultaneously both the structure and
microstructure parameters through the Marquardt least-square
method. The background of each pattern was fitted by a poly-
nomial function of degree 5. The peak shape was assumed to be
a pseudo-Voigt (pV) [38,39,44–46] type profile because it is well
established that the observed peak broadening of the sample pro-
file is mainly due to the presence of small particle size and rms
strain inside the particles. The particle size and strain broaden-
ing can be approximated better with Cauchy and Gaussian type
functions, respectively [38,39,44–46]. Being a linear combination
of Cauchyian and Gaussian functions, the pV function is the most
reliable peak-shape function for profile fitting.

For the Rietveld refinement, an X-ray powder diffraction pat-
tern, containing all three �-Ti (hcp), �-Ti (bcc) and (Ti,Al)N (fcc)

phases, was simulated and refined to fit all unmilled and ball-
milled experimental patterns. The abundances of different phases
were also obtained from the analysis. Refinement of structure and
microstructure parameters of simulated pattern continues till con-
vergence is reached with the value of the quality factor, GoF very
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. Results and discussion

.1. Nanostructure characterization by XRD

The XRD powder patterns of unmilled and all ball-milled pow-
ers are shown in Fig. 1. The powder pattern of unmilled sample
ontains only reflections of �-Ti (hcp; ICSD CC 99778) and Al (fcc;
CSD CC 43423) phases and intensities of reflections of respective
hases are in accordance with their respective compositions. It is
ery interesting to note that all Al reflections disappear completely
fter 1 h of milling and the peak broadening of �-Ti reflections

ncreases continuously with increasing milling time. It clearly indi-
ates that all Al atoms are diffused into �-Ti lattice and a �-Ti
ased 0.9Ti–0.1Al substitutional solid solution is formed after 1 h
f milling. The observed peak broadening of Ti–Al solid solution
n the course of milling may be attributed to the effect of both
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illing time towards complete formation of nanocrystalline Ti0.9Al0.1N phase.
gree)

-Ti and Ti0.9Al0.1N phases to the total XRD pattern of 1 h ball-milled sample. Lower
i phase.

small particle size and lattice strain developed inside the lattice
due to constant fracture and re-welding mechanism of mechanical

alloying (MA) and substitution of Ti atoms (atomic radius = 0.86 ´̊A)

by smaller Al atoms (atomic radius = 0.53 ´̊A). It seems that the
nanocrystalline binary Ti–Al solid solution (up to 10 mol%) may be
prepared easily at room temperature within 1 h of milling without
any contamination either from elemental powders or from milling
media. After 3 h of milling, formation of cubic (Ti0.9Al0.1)N, sim-
ilar to cubic TiN phase (ICSD CC 152807) phase is noticed as a
minor phase and the peak broadening of major Ti–Al solid solu-
tion increases significantly. It ensures that the particle size of Ti–Al
solid solution decreases significantly and the probability of nitro-
gen diffusion into the solid solution matrix increases to a great
extent due to increase of surface area of these particles. After
5 h of milling, the (Ti0.9Al0.1)N phase appears clearly as the major
phase with all its reflections with significant peak broadening. After
7 h of milling, (Ti0.9Al0.1)N phase is formed completely and it is
interesting to note that the peak broadening reduces very slowly
with increasing milling time up to 12 h. It indicates the agglom-
eration of these nanoparticles in the course of prolonged milling
duration.

The formation of both (Ti0.9Al0.1)N phase and transient cubic
�-Ti phase is confirmed in 1 h milled sample by the Rietveld refine-
ment analysis as shown in Fig. 2. We have also reported the
formation of the transient �-Ti phase in case of preparation of
nanocrystalline TiN phase by the same method [31]. Peak posi-
tions of both phases are very close to each other and reflections
of both phases become broadened significantly after 1 h of milling.
As there is no isolated reflection of the nitride and �-Ti phases, it
is therefore, very difficult to locate the reflections of nitride phase
in this XRD pattern. However, its presence can easily be traced out
from the Rietveld analysis as shown in Fig. 2. It confirms that the
nitride phase has been initiated within 1 h of milling when all Al
atoms diffused into �-Ti-lattice, but the diffusion of N-atom into
nitride lattice continues up to 12 h of milling. In the XRD pattern
of 3 h milled sample, both (2 0 0) and (3 1 1) reflections of (Ti,Al)N
phase appeared clearly but other peaks are either overlapped with

�-Ti–Al reflections or broadened significantly.

The relative phase abundances of different phases in unmilled
and all ball milled samples with respect to milling time are shown
in Fig. 3. According to the Rietveld analysis, contents of �-Ti and Al
phases in unmilled sample are 0.79 and 0.21 mol fractions respec-
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ively though they were mixed with 0.90 and 0.10 mol fractions.
his discrepancy in phase contents arises due to the fact that the
luminum powder covers more surface area than the �-Ti powder
uring sample mounting. It is evident from the variation that after
h of milling, content of Al phase becomes nil and that of �-Ti phase

ncreases to a small extent, which confirms the formation of �-Ti–Al
olid solution alloy. Beside this, a significant amount of �-Ti-phase

ransforms partly to transient cubic �-Ti phase. The formation of
itride phase is initiated after 1 h of milling and then increases very
apidly in the course of milling up to 7 h at the complete expense
f �-Ti–Al solid solution phase. Within this period, content of �-Ti
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Fig. 7. Distribution of particle size of Ti0.9Al0.1N with milling time.

phase approaches to nil. This fast rate of growth of nitride phase
may be attributed to the adsorption of N2 atoms on the vast sur-
face area of nanocrystalline �-Ti–Al solid solution particles. The
solid solution phase then gradually transforms to the nitride phase
in the course of milling and the stoichiometric Ti0.9Al0.1N phase has
been formed after 7 h of milling.
with a significantly less value than that of the cubic TiN [31] phase
(Fig. 4a). It signifies the diffusion of 0.1 mol fraction of smaller Al
atoms into hexagonal �-Ti lattice. After formation, lattice parame-
ter of (Ti,Al)N phase reduces continuously in the course of milling,

40302010

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

Strain distribution Ti
0.9

Al
0.1

N

12h
7h

5h

3h

1h

rm
s
 s

tr
a
in

 <
    εε

    >
1
/2
 *

 1
0-3

L(nm)

Fig. 8. RMS lattice strain distribution of Ti0.9Al0.1N phase for different milling time.



6 ys and

l
d
t
f
c
s
a
s
i
a
v
t
l
l
c
s
c

F
a

24 U.K. Bhaskar et al. / Journal of Allo

ike the TiN phase. As there is no Al atoms left over for further
iffusion into the (Ti,Al)N lattice after 1 h of milling, this contrac-
ion in lattice parameter may be caused for one or more of the
ollowing reasons: (i) cold-working caused due to high impulsive
ollision force on (Ti,Al)N lattice during milling, (ii) to achieve a
table atomic configuration, constant re-arrangement of Ti and Al
tomic positions inside the lattice due to continuous diffusion of
maller N (ionic radius = 0.13 Å) atoms and (iii) annealing effect on
mperfect (Ti,Al)N lattice to make it a perfect lattice by thermal
gitation of atoms during milling. It may also be noted that the
ariation of lattice parameter of (Ti,Al)N phase is almost similar
o binary TiN phase but the rate of decrement is different in the

ower milling time. However, in the course of milling up to 12 h,
attice parameters of both phases became almost equal, which indi-
ates that the addition of small amount of Al to TiN lattice has a
ignificant influence at lower milling time when there are suffi-
ient nitrogen vacancies. In the long run, when nitrogen vacancy

ig. 9. (a) Selected area electron diffraction (SAED) pattern of nanocrystalline Ti0.9Al0.1N
fter 12 h of milling. Spherical particles are marked with white circles. (c) Particle size dis
Compounds 509 (2011) 620–626

approaches towards nil, influence of Al addition also becomes nil.
On the other hand, the continuous linear increment (Fig. 4b) of
both lattice constants (c and a) of �-Ti phase obeying the Veg-
ard’s law of solid solution reveals the nitrogen diffusion into �-Ti
lattice.

The average particle size of �-Ti phase reduces from ∼25 nm to
∼18 nm within 1 h of milling when the formation of (Ti,Al)N phase
is found to be initiated (Fig. 5) with particle size of ∼17 nm. After
5 h of milling, particle size of �-Ti phase reduces rapidly to ∼6 nm
and at the same time that of (Ti,Al)N phase reduces to ∼4 nm. It
implies that the addition of Al has a great influence on reducing
the particle size. In the course of further milling up to 12 h results

in slight increase in particle size, owing to agglomeration effect of
smaller grains. This is often happen in MA process due to rewelding
of highly reactive nanosized grains during collisions. It is also inter-
esting to note that both (Ti,Al)N and �-Ti phases form at the same
time and with same particle sizes. So, the possibility of formation of

powder after 12 h of milling. (b) TEM image of nanocrystalline Ti0.9Al0.1N powder
tribution in 12 h milled (Ti,Al)N sample represented by the histogram.
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Ti,Al)N phase from the transient �-Ti phase may not be ruled out.
article size of �-Ti phase also reduces very rapidly with increasing
illing time. The distribution of particle sizes of (Ti,Al)N phase in

ifferent ball-milled samples obtained from the Rietveld analysis
re shown in Fig. 6. It reveals from the plot that (Ti,Al)N phase is
ormed after 1 h of milling with a broad spectrum of particles and
n the course of milling, particle size distributions become narrow
nd after 3 h of milling, almost mono-dispersed particles of average
5–7 nm size has been obtained. In the progress of milling, a ten-
ency of agglomeration of small particles is noticed and average
ize of mono-dispersed particles increase slowly with increasing
illing time.
Variations of rms lattice strains of different phases with increas-

ng milling time are shown in Fig. 7. The rms strain of (Ti,Al)N phase
ncreases very slowly up to 12 h of milling. It indicates that constant
e-arrangement of Ti and Al atoms inside the lattice due to inclusion
f N atoms favours to anneal out the lattice strain. However, rms
trains in both �-Ti and �-Ti phases increase rapidly with increasing
illing time indicating constant diffusion of nitrogen atoms into �-
i lattice. The �-Ti phase has initiated with a high lattice strain may
e due to coherent growth of �-Ti lattice inside the �-Ti lattice with
1 1 1 〉FCC‖〈0 0 2 〉HCP shearing mechanism and constant increase in
attice strain in primary �-Ti phase results also in constant growth
f lattice strain in secondary �-Ti phase. The distribution of rms

ig. 10. (a) TEM image shows an isolated Ti0.9Al0.1N particle in 12 h milled sample; (b) HR
i0.9Al0.1N particle in 12 h milled sample; (d) HRTEM image confirms it as the (1 1 1) lattic
Compounds 509 (2011) 620–626 625

lattice strains developed in (Ti,Al)N phase after different durations
of ball milling with increasing L (=na3, n is an integer and a3 is the
lattice parameter) are shown in Fig. 8. It can be seen that in all ball
milled samples, lattice strain decays very rapidly during progress
through lattice. In 3 h milled sample where average particle size is
∼5 nm, lattice strain approaches to zero after traveling ∼5 nm. It
indicates that after traveling this distance, lattice strain annihilates
on the particle surface. Due to particle agglomeration afterwards,
travel distances (L) of lattice strains in higher time milled samples,
also increase considerably.

4.2. Nanostructure characterization by HRTEM

The selected area electron diffraction (SAED) pattern of 12 h
milled sample appears properly with relative intensity ratios of
cubic (Ti,Al)N reflections only (Fig. 9a). As there is no trace of any
other reflections in the SAED pattern, contaminations either from
elemental powders or from milling media can be easily ruled out.
Like the XRD pattern, intense lines are well resolved though they

are sufficiently broadened due to small particle size. However, esti-
mation of particle size and lattice strain from this SAED pattern is
not straight forward like the XRD pattern analysis. The average size
of spherical particles (marked with white circles) in 12 h milled
sample is estimated from the TEM image (Fig. 9b) and the size of

TEM image confirms it as the (2 0 0) lattice plane; (c) TEM image shows an isolated
e plane.
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hese particles vary between 2 and 7 nm. The distribution of parti-
le size is represented in a histogram (Fig. 9c) where it can be seen
hat particles are almost mono-dispersed with average size lying
etween 4 and 5 nm, which is very close to that obtained from X-
ay analysis. The HRTEM images (Fig. 10a and b) from a selected
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. Conclusions

Addition of small amount (0.10 mol fraction) of Al to the ele-
ental �-Ti improves overall properties of binary TiN nitride in

he nanometer range. This can be achieved easily by high energy
all-milling the �-Ti and Al elemental powders mixture in N2 atmo-
phere. The formation of Ti0.9Al0.1N phase is initiated after 1 h of
illing through the formation of transient cubic �-Ti phase and

omplete formation is noticed after 7 h of milling. The nanostruc-
ure evolution of all ball-milled samples by the Rietveld analysis
eveals that nitride particles are almost mono-dispersed and their
verage size reduces to 5–7 nm within 3 h of milling. Nanostructure
haracterization by HRTEM reveals the presence of (Ti,Al)N phase
n 12 h milled sample without any contamination. Average size of
he spherical particles is found to be ∼4–5 nm which is very close
o that obtained from the X-ray analysis.
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