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1. Introduction

In the present article, synthesis of AIN-TiN nanostructured composite by high-energy ball milling process
(HEM) of Ti and AIN by 1:1 molar ratio and subsequent heat treatment was investigated. The microstruc-
tural evolution of samples was studied by scan electron microscopy (SEM) and energy dispersive X-ray
analysis (EDS), composition map analysis by electron probe micro-analyzer (EPMA) and phase deter-
mination using X-ray diffraction (XRD) patterns. It was found that a Ti(Al,N) solid solution was formed
at the early stages of milling and while Al causes the Ti lattice to contract, N has the opposite effect.
The nonlinear variation of interplanar distance and c/a ratio of Ti is considered due to the competition
between these two processes during MA and finally led to complete dissolution of Al and only 1 at.% of N
in Ti lattice.

On further milling, mechanochemical reaction between Ti solid solution and AIN took place in the
gradual mode which led to the formation of TiN with an average crystallite size of 10 nm. It is generally
acknowledged that the reactions between Ti and AIN includes three stages: (i) reduction of AIN under
the effect of Ti; (ii) diffusion of dissolved Al and N atoms into the Ti lattice and (iii) reaction between Al,Ti
and N. XRD results revealed that annealing of the milled powders resulted in greater formation of “in
situ” TiN particles from supersaturated solid solution and increases the crystallite size of TiN from 10 nm
to 14.62 nm.

© 2010 Elsevier B.V. All rights reserved.

erties, and there is a growing interest in the investigation of
nanocomposites due to the superior mechanical properties [4,5]. A

There has been increasing interest in refractory materials such
as carbides, nitrides, and borides owing to their exceptional
hardness and stability at high temperatures. Especially, nitride
ceramics such as TiN and AIN have been developed due to their
specific properties and potential application [1]. However, single-
phase refractory materials have reached their optimum stage
and attention has now turned to composite refractory materials.
Particulate reinforced CMCs containing hard ceramic or ductile
metal/intermetallic inclusions exhibit several advantages com-
pared to single-phase ceramics, e.g. high fracture toughness and
strength, enhanced thermal shock resistance and high wear resis-
tance [2,3].

In addition, nanocrystalline refractory materials have recently
received much attention due to their improved mechanical prop-
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variety of techniques for preparing nanocrystalline materials have
been proposed over the past decade.

Mechanical alloying (MA) is a versatile processing technique
for the fabrication of novel materials such as nanocomposites, and
high-energy ball milling has been recognized as an effective way of
producing nanocrystalline, amorphous and other non-equilibrium
structured powders mainly through a solid-state reaction [6,7].
Particularly, high-energy ball milling accompanying chemical reac-
tions, i.e. mechanochemical processing, is considered to be very
effective for preparing nanostructured composite powders con-
taining more than two phases [8]. In this process, elemental blends
are milled by high-energy collisions among balls to stimulate dif-
ferent types of reaction by diffusion at atomic and nanocrystalline
levels [9,10]. This technique can be used to induce displacement
reactions at much lower temperatures than normally required. This
allows the in situ formation of composites during milling or dur-
ing subsequent thermal processing of milled powders [11,12]. A
variety of nanostructured composites have been synthesized by
mechanochemical processing of the respective powders for a few
hours at room temperature [13-17].
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Titanium nitride (TiN) has many desirable properties, such as
good corrosion resistance, heat resistance, low chemical reactivity,
wear resistance property [12,18,19], high hardness (~20 GPa) with
a low friction coefficient[20,21], good conductivity with high melt-
ing temperature (2927 °C) and barrier properties [22]. On the other
hand AIN possesses excellent thermal conductivity, low thermal
expansion, high hardness, good electrical resistance, high melt-
ing point and good oxidation resistance at elevated temperatures
[23-26].

In recent years, AIN-TiN composites have been exciting more
interests in the field of wear-resistant components because the
mechanical properties, such as hardness, fracture toughness and
friction coefficients which are superior to those of either AIN or
TiN single-phase ceramic [27-29]. There are several research works
on the interfacial reaction between Ti and AIN but much of them
concentrate on studies in the formation of coating [30-35]. Direct
mixing of Ti and AIN powders leads to in situ formation of TiN;
hence, the MA process provides nanosized powders with rough and
reactive surfaces as well as uniform distribution of different phases.

In the present study, the production of AIN-TiN nanostructured
composite by mechanochemical reaction between Ti and AIN pow-
ders by high-energy ball milling and subsequent annealing was
investigated. It is expected that dissociated nitrogen in AIN reacted
with elemental Ti powder to formin situ TiN as a consequence of the
very strong affinity between Ti and N, and that prolonging milling
time allowed nanocrystalline structure formation.

2. Experimental procedure

The raw materials used in this study were 99.7% pure Ti powder (Sumitomo
Titanium Corporation, Japan) with a particle size of less than 45 pm, and agglom-
erated AIN powder (Wako Chemicals, USA). The mixture of Ti and AIN powders
were prepared in a glove box under a purified argon atmosphere for the stoichio-
metric reaction to take place: Ti+AIN — Al+TiN, with a molar ratio of 1:1 mixture
and 1% stearic acid (Wako Pure Chemical Industries Ltd., Japan) as process control
agent (PCA). The initial mixed powders were then charged and sealed in a stainless
steel vial (500 ml) together with 25 stainless steel balls (10 mm). The ball to powder
weight ratio was maintained as 10:1. The ball milling experiments were performed
in a high-energy planetary ball mill (Fritsch 6) at rotation speed of 250 rpm. Separate
samples were milled for 9 ks, 18 ks, 36 ks, 72 ks, 144 ks and 360 ks. After the allotted
time, the powders were removed from the mills, and a small amount of powder
was taken for characterization. Phase transformation and crystallite size evaluation
during milling were determined by X-ray diffraction (XRD) with Cu Ko radiation
(A=1.5405A). The crystallite size of powder during milling was determined from
broadening of XRD peaks by Scherrer equation [36]:

0.91
Bcos@:T (1)

where B is the full-width at half maximum intensity, A the wavelength of the X-
ray used, D the average crystallite size and 6 the Bragg angle. The morphology
of the mechanically alloyed powder samples was examined by scanning electron
microscopy (SEM) in a JEOL (JCM-5700) at an accelerating voltage of 15kV with
an energy dispersive X-ray spectrometer (EDS) as well as EPMA measurements on a
JEOLJXA 8900R microprobe with a wavelength dispersive spectrometer for material
characterization.

3. Results and discussion
3.1. X-ray diffraction analysis and reaction mechanism

AIN-TiN nanostructured composite was synthesized by
mechanochemical reaction during ball milling of a stoichiometric
mixture of Ti and AIN according to the following reactions:

Ti+ AIN = Al +TiN, AGj0g = —22.158 kj mol ™ (2)

According to thermodynamics, if a reaction occurs spontaneously,
the change in the Gibbs free energy of formation (AG) between
reactants and products must be less than zero. Based on the ther-
modynamic data the above reaction may occur even at room
temperature [37]. The occurrence of the reaction at ambient tem-
perature is limited by kinetic considerations. MA can provide the

Fig.1. XRD patterns of Ti + AIN mixture milled for different times: (a) mixed powder;
(b) 9ks; (c) 18ks; (d) 36ks; (e) 72 ks; (f) 144 ks; (g) 360 ks.

means to substantially increase the reaction kinetics of the reduc-
tion reaction [7].

Fig. 1 shows the XRD patterns of powder mixture after different
MA times. Fig. 1a relates to the mixture of starting materials (Ti
and AIN). Obviously the starting materials contain coarse polycrys-
talline grains of Ti and AIN, suggested by the sharp diffraction peaks
of powder mixture. There is no evidence of reaction between Ti and
AIN until 18 ks, at which a small amount of Ti3AIN phase could be
detected, as shown in Fig. 1c; this, however, disappeared at the next
stage of MA. With increasing milling time, the intensity of Ti and
AIN peaks decreased and their width increased due to a decrease
in crystallite size and enhancement of lattice strain. After 36 ks of
milling, a trace of TiN peak at 26=42.79° appeared besides main
peak of titanium which was formed “in situ”, directly during the MA
process. The formation of TiN at ambient temperature signifies that
the mixing of reactants takes place on a nanometer scale and con-
siderably reduces the diffusion path length. On continued milling
until 144 ks, the powder seemed to start losing crystalline (Fig. 1e).
Further milling up to 360 ks (Fig. 1g) led to amorphous like solid
solution phases. It has been reported that the presence of nitrogen
atoms speeds up the amorphization [38]. It is worth noting that the
amorphous phase is obtained when the N content in the compound
is too high to be accommodated within the o-Ti lattice but too low
to allow the formation of the cubic structure, i.e. understoichiomet-
ric relative to the Ti—-Al-N compound [39]. Therefore this study did
not complete generation of a full amorphous structure due to the
formation of titanium nitride as a stoichiometric phase. It can also
be seen that after 360 ks of milling time, the peaks of Ti have almost
disappeared, implying that a reaction between Ti and AIN has taken
place. Furthermore, it is observed that the peak of TiN increased in
intensity, also confirming that Ti has reacted with AIN.

However the XRD patterns show a significant portion of AIN
particles remained even after prolonged milling. This could be
attributed to the partial reaction between Ti and AIN because of
the low adiabatic temperature and insufficient milling intensity to
activate the exchange reaction. As mentioned above, the displace-
ment reaction during milling could be represented as reaction (2).
Munir [40] proposed a simple guideline to determine whether or
not a self-propagating reaction might occur for a certain system.
According to his proposal, the reaction can start without additional
energy from an exterior source when —AH/Cp is above 2000K.
The —AH/Cp value of reaction (2) was calculated as about 300K,
indicating that it could not progress via mechanically induced self-
propagating reaction (MSR) and it underwent the gradual mode.
In other words, the accumulated energy of powders mechani-
cally alloyed for even up to 360ks is insufficient to complete the
transformation. Hence, a considerable amount of milling energy
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Fig. 2. Ti-Al phase diagram [43].

is consumed by fracturing the AIN and Ti particles; leaving the
increased kinetic energy provided during MA in sufficient for com-
pletion of the reaction.

Furthermore, it is reasonable to assume that once there is no
other nitrogen provider except AIN during MA, Ti merely seizes
nitrogen atoms from AIN particles to form TiNx (x=0.42-1) [41].
Beside this, both the covalent nature of AIN and the strong affinity
of Al to N cause low diffusion rates. Such a conclusion is in agree-
ment with the thermal data [42] and Ti-N binary phase diagram
[41]. There is also no evidence of the formation of Al in diffraction
spectra even after 360 ks MA (Fig. 1g). This result is in agreement
with another work of the authors in which higher MA parameters
(BPR 30:1 and RPM 600) were used to increase the frequency of
the elementary processing events (collisions). This is related to the
solubility of Al atoms in Ti lattice during MA. From the Ti-Al phase
diagram shown in Fig. 2, it can be seen that Al has an extended sol-
ubility in Ti, while Ti has a limited solubility in Al. Displacement
of the strongest reflection peak of Ti(10 1) towards higher angles
(260=40.10° to 20=40.14°) after 360 ks MA time shows that the
lattice parameter of Ti(AlN) solid solution decreased with increas-
ing milling time. According to Pearson and Raynor [44], the lattice
parameter of Ti-Al solid solution decrease with increasing alu-
minum content. This behavior is a consequence of the substitution
of Ti atoms by the smaller size Al atoms within the «-Ti lattice
[45], leading to the contraction of Ti lattice and this is indicated
by the shift of titanium peak to higher angle. By using XRD pat-
tern, the hcp lattice parameters of Ti are found to be a=0.2946 nm
and c=0.4676 nm after 144 ks MA time. These values are lower
than «-Ti parameters (a=0.2950, c=0.4686 nm), which indicates
the formation of Ti(Al) solid solution.

The calculated lattice parameters of the Ti(1 0 1) compared with
that obtained from the initial powder of titanium, are reported in
Table 1. The titanium cells parameters differ considerably between
the milled powders and mixed powder (initial powder), namely
the (a) and in particular the (c) parameters, and thus the (c/a) ratio
of the 144 ks MA powder is significantly lower than the standard
values (in our case, the mixed powder).

Fig. 3 shows the variation of the parameters (a) and (c) with
the Ti(Al) solid solution [44]. It is found that aluminum from the
decomposed AIN particles was completely dissolved in the hcp-
Ti lattice, according to the maximum solubility of aluminum in
titanium by MA which has been reported in the literature [7]. In
contrast, it is found that the position of titanium Bragg peaks shifts
to lower angles after 18 ks and 144 ks of milling time. Displace-
ment of Ti(10 1) peak toward lower angles is shown in Fig. 4. This

Table 1
Calculated cell parameters of Ti(1 0 1) for different MA time together with literature
standard.

Sample condition (ks of MA time) Cell parameters of a-Ti

a(A) c(A) cla

9 2.9489 4.6947 1.5919
18 2.9472 4.6781 1.5873
36 2.9457 4.6988 1.5951
72 2.9512 4.6795 1.5856
144 2.9462 4.6760 1.5766
Ti mixed powder 2.9554 4.6940 1.5883
o-Ti? 2.950 4.6866 1.588

2 From JCPDS standard.

Fig. 3. Dependence of a and ¢ parameters of Ti(Al) solid solution vs. aluminum
content [44].

is related to the opposite effect of nitrogen atoms on titanium
lattice, due to the interstitial dissolution of N atoms into Ti lat-
tice which resulted in Ti(N) solid solution and increase the lattice
parameter of titanium. This is in contract with the other research
works [46,47]. According to the binary phase diagram representing
thermodynamic equilibrium, at equilibrium state, the «-Ti lattice
is only able to dissolve about 3-4at.% of nitrogen at high tem-
perature (above 800K) [48]. However, as mechanical alloying is
a thermodynamically non-equilibrium process, a metastable over-
saturated solid solution of nitrogen and aluminum in titanium can
be obtained at high concentrations well above those predicted by
thermodynamics. In the case of nitrogen, the accommodation of
the nitrogen atoms in interstitial octahedral a-Ti sites causes lat-
tice expansion which explicates the shift of the diffraction peaks

Fig. 4. Displacement of Ti(10 1) peak to lower angles.
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Fig. 5. Interplanar distance of Ti(101) vs. MA time.

to smaller angles as stated by the Bragg equation. This explains the
complicated behavior of the main peak position of titanium in XRD
pattern.

As shown in Fig. 5 the nonlinear variation of interplanar dis-
tance of Ti(1 0 1) reveals the competition between two processes,
i.e. dissolution of Al and N in Ti lattice. It can be seen that between
18ks and 36 ks of milling, the increase in interplanar distance is
a sign of the solution of N in Ti. This is consistent with Ti(101)
shifting to lower angles (Fig. 4). However, with increased milling
time, the dissolution of the aluminum dominates the dissolution of
nitrogen in titanium lattice. In a good agreement with this claim,
the (c/a) ratio also shows a considerable increase within this period
of MA time (18-36 ks), which proves that nitrogen atoms dissolve
in Ti lattice and dilate it (Fig. 6). The content of N dissolved in Ti
lattice was estimated to be 1 at.% for 144 ks milling time according
to the relation between lattice parameter and dissolved content of
nitrogen[49]. It can be concluded that a minor part of the nitrogen
atoms from decomposed AIN particles is dissolved into the Ti lat-
tice to form Ti(AlN) solid solution and leads to dilation of it, while
the remaining N react with Ti to form TiN.

According to the above analysis, synthesis of nanocrystalline
TiN by mechanical milling from Ti-AIN mixture included three
stages. In the first stage, the ductile metal powder particles
(Ti) got flattened, welded and formed lamellar structure by the
ball-powder-ball collisions, while the brittle AIN particles got frag-
mented and dispersed into the ductile matrix. With prolonged
milling time, the lamellae refined further and the brittle parti-
cles uniformly dispersed. The decreased particle size reduces the
diffusion distance between particles and facilitates pipe diffusion.
Diffusion is further aided by the increased defect density and a local
rise in temperature. The combination of these effects would permit
sufficient diffusion to occur in the interfacial regions between Ti

Fig. 6. The ratio of the Ti lattice parameters (c/a) vs. MA time.

Fig. 7. Crystallite size of Ti and AIN particles at several MA times.

and AIN particles of the nanocrystalline grains to form solid solu-
tions and reduction of AIN under the effect of Ti. In other words,
plastic deformation of Ti powder and refining by the ball-powder-
ball collisions absorbed the nitrogen atoms from decomposed AIN
particles on the newly created Ti surfaces. Nitrogen atoms are then
incorporated in the interfaces formed by the pressure welding of
the AIN-Ti powders on milling, followed by diffusing into powder
matrices through grain boundaries and dislocations.

By repeating the above process, a quasi-amorphous solid solu-
tion consisting of Ti,Al and N is formed in the powder matrix as the
second stage of synthesis of TiN. Formation of nanocrystalline solid
solutions can considerably broaden the X-ray diffraction peaks [7],
as can be seen clearly in Fig. 1fand g.

The dissolved Al and N atoms diffuse into the Ti lattice, but they
have opposite effects in Ti lattice; while dissolving the aluminum
atoms decrease the lattice parameters of titanium, N cause it to
increase. Meanwhile, almost all of the aluminum atoms dissolved in
titanium in which a great number of cavities are produced, though
only a minor amount of nitrogen dissolved in it.

In the last stage, the increase of energy stored in the composite
powders induced by MA, caused N and titanium solid solution to
interdiffuse and synthesize in situ TiN nanoparticles. It is worth to
note that titanium atoms preferentially absorb nitrogen atoms as
a result of the difference between diffusion coefficient of Al and
N atoms. Therefore, the Ti-rich nitride would be formed. The radii
of N, Ti and Al atoms are 0.07 nm, 0.1448 nm and 0.1431 nm [50],
respectively, so nitrogen atoms diffuse mainly interstitially in the
Ti lattice and should have a higher diffusion velocity than that of Al
atoms which diffuse mainly by substitution. Because differences in
diffusion velocities between Al and N atoms will result in a different
gradient distribution in the diffusion direction, it can be assumed
that titanium nitride was first formed in the nitrogen concentrated
regions such as grain boundaries and then in the whole powder
matrices.

The broadening of the titanium, AIN and also TiN peaks is con-
sidered to be due to the refinement effect of crystallite size and the
increase in internal strain. The crystallite size of the Ti and AIN par-
ticles during MA calculated from the line width is shown in Fig. 7.
It can be seen that there is a drastic decrease of particle size until
36 ks of milling time for both titanium and AIN particles, which is
described on the basis of interaction of dislocation with hard and
nondeformable aluminum nitride particles and generation of ther-
mal dislocations caused by the mismatch between the coefficient
of thermal expansion between the Ti and hard AIN particles [51].
Between 36 ks and 72 ks of MA time, cold welding is the promi-
nent mechanism for titanium particles. Continued milling causes
attainment of a steady state by 144 ks for both phases. This can
be attributed to the cold welding of primary particles followed by
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Fig. 8. Crystallite size of in situ formed TiN(2 00) phase at several MA times.

work hardening and thus activating the fracture mechanism. When
welding and fracture mechanisms reach equilibrium, the steady
state is achieved. Further milling up to 360 ks has no considerable
effect onreducing the crystallite size. Nonetheless, it isimportant to
note that after powder size stabilizer, microstructural refinement
can still take place; this terminates at a later time, as can be seen
in Fig. 7, within the 144-360ks of milling time. A similar behav-
ior was observed by Karagedov and Lyakhov, who reported the
mechanochemical grinding of inorganic oxides [53]. Fig. 8 shows
the crystallite size of TiN particles formed during milling which
was calculated from the line width as a function of MA time. An
average crystallite size of 10 nm was obtained for TiN particles, in
accordance with the estimate of the Scherrer formula.

3.2. Effect of subsequent heat treatment on microstructure of
powder mixture

In order to further study the structural evolution of the powder
at elevated temperature, annealing experiments were performed.
Fig. 9 shows XRD patterns of Ti-AIN powder mixture milled for
360 ks followed by annealing at different temperatures for 30 min
under argon atmosphere. The XRD pattern of the powder after
annealing at 650°C (Fig. 9b) shows that the Ti peaks disappeared
completely, suggesting that titanium solid solution was exhausted
by reaction with AIN. However there is no evidence of the formation
of more TiN at this temperature, perhaps due to the formation of
very small content of TiN which cannot be detected by XRD. Increas-
ing the annealing temperature up to the 850 °C leads to the in situ
formation of TiN at 20=74.4° and 78.16° during heat treatment.
The presence of these two peaks of TiN can be interpreted as a
phase transformation from supersaturated solid solution Ti(AlN),
which had been formed during MA. The vanishing of the AIN peak at

Fig. 9. XRD patterns of Ti+ AIN mixture (a) milled for 100 h; (b) milled followed by
annealing at 650 °C; (c) milled followed by annealing at 850 °C; (d) milled followed
by annealing at 1050°C.

Table 2
Calculated cell parameter of TiN(200) for 360ks MA and annealing at different
temperatures for 30 min together with literature standard.

Sample condition (360 ks of MA time) Cell parameter of TiN, a (A)

Annealed at 650°C 41775
Annealed at 850°C 41823
Annealed at 1050°C 4.1858
Without annealing 4.1988
TiN?3 4.2417
Al? 4.0494

2 From JCPDS standard.

20=71.75° revealed more decomposition of AIN during annealing.
It is believed that the following reaction occurs during annealing:

Ti(Al, N) — TiN(Alor(Ti, A)N (3)

That is, because of the low solubility of N in Ti lattice, the N
released from Ti(AlN) solid solution during the annealing, results
in formation of in situ TiN particles. Table 2 shows the fcc lattice
parameter of TiN(2 00) after milling and annealing for 30 min at
different temperatures. The TiN phase is characterized by a lower
(a) parameter when compared with the standard value (4.1988 A
for 360 ks of MA compare to the 4.241 A from standard JCPDS); this
indicates the solution of aluminum into the TiN lattice.

In addition, the increase in the lattice parameter of TiN with
increased annealing temperatures confirms that TiN is closer to its
stoichiometric characteristic (TiNx (x=0.42-1)) [41] as expected.
Further increase in temperature up to 1050°C provides, no fur-
ther detectable transformation; only a small amount of TiO, was
detected due to the high temperature used for annealing, result-
ing in the possibility of oxidation. Moreover, with the increase in
annealing temperature, the TiN and AIN peaks become sharper and
of higher intensity because of stress release as well as grain growth.
Fig. 10 illustrates the crystallite size of TiN particles after annealing
at three different temperatures. Using the Scherrer equation, it can
be deduced that the crystallite size of TiN is less than 14.62 nm with
about 28% grain growth after annealing at 1050 °C compared to the
case prior to annealing.

3.3. Morphological changes

The morphology of milled powders at different milling times is
represented in Fig. 11. Photographs (a) and (b) are initial AIN and
Ti powders, respectively. The as received AIN powder is polygonal,
while Ti powder is spherical in shape. After 9 ks milling (Fig. 11c),
particles with different shape and size were formed and hard AIN
particles were seen to be pressed onto the Ti particles and cover
the entire surface. After 18 ks milling, a few large particles of Ti
consisting of smaller microwelded AIN particles with the presence
of alot of fine particles can be seen (Fig. 11d). After 36 ks milling, the

Fig. 10. Crystallite size of in situ formed TiN phase at different annealing tempera-
tures.
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Fig. 11. SEM photographs of microstructures of as-milled powder with various milling times. (a) and (b) Initial powders of AIN and Ti, respectively; (c) after 9 ks milling; (d)
after 18 ks milling; (e) after 36 ks milling; (f) after 72 ks milling; (g) after 144 ks milling; (h) after 360 ks milling.

powder has a broad distribution of irregular particles, and because
of the fine sizes and quantities of fresh surfaces produced by MA
process, the particles were likely to form agglomeration of gran-
ular and uniform particles as shown in Fig. 11e. The presence of
TiN(2 00) peak at this milling time (Fig. 1) shows that Ti powders
were deformed plastically and then fractured by the continuous
ball to powder collisions and also by the presence of hard particles

of AIN. This resulted in the extreme refinement of Ti and AIN pow-
der particles, decrease in crystalline size of Ti and AIN, introduction
of a large number of defects and fresh surface in both phases. This
in turn accelerates the following absorption and diffusion process
of nitrogen atoms from fine particles of AIN in titanium.

With increased milling time, AIN particles were trapped
between the titanium particles, which can be attributed to the
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Fig. 12. The cross-sectional SEM micrographs the powders at different MA times: (a) 18 ks; (b) 36 ks; (c) 144 ks; (d) 360ks.

repeated fracture and cold welding (Fig. 11f). This is in consistent
with the results in Fig. 7. The presence of a few large particles of
Ti would be fractured by the more intensive impacts due to the
work hardening of the Ti. By continuing the milling, fracture gov-
erned welding, and the morphology transformed into completely
equiaxed and very fine structure, a typical characteristic of particles
at steady state (Fig. 7g). The reduction in crystalline size is induced
by the formation of new defects particularly dislocations, result-
ing in formation of high dislocation density regions into the grains,
piling up of grain boundaries or irregular clusters into the grains.
Therefore, the subgrains are formed in the original grains, resulting
in reduction of crystalline size [54]. Moreover, it has been reported
that AIN particles can act as milling agent [55] and speed up the

refining. The refinement of microstructure can be accelerated lead-
ing to a fast absorption rate of nitrogen atoms from AIN particles
as can be seen in XRD patterns (Fig. 1f and g). Further milling, up
to 360 ks has no considerable effect on the morphology (Fig. 11h);
a similar phenomenon has been found that particle size maintains
a steady level during MA [56-58].

Fig. 11h also shows a backscattered electron (BSE) image of
360 ks milled nanostructured composite powder. Fig. 12 illustrates
the cross-sectional back scattered SEM micrographs of the powder
particles after 18 ks, 36 ks, 144 ks and 360 ks of milling time. A lay-
ered composite structure of starting materials formed at early stage
of MAcanbe seeninFig. 11aand b. Itis suggested that the formation
of Ti(Al,N) solid solution begins to occur at these stages, consistent

Fig. 13. Electron microprobe elemental maps for of Al and Ti for 360 ks MA sample. The colors correspond to count rates. The higher count rates indicate higher concentrations
of the element(s) indicated. The spots marked as (a) and (b) indicate regions containing high concentration of Al and Ti, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)
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with the results in Fig. 4. As milling time increased, the layered
structure is refined so that after 144ks of milling, the layered
structure disappeared due to increasing interdiffusion between the
phases.

With increased milling time up to 360ks, two phases are
observed clearly. EPMA maps of the sample ball-milled for 360 ks
distinguish the Ti- and Al-rich regions (Fig. 13). For instance, the
region marked ‘(a)’ indicates high concentrations of Al and N; the
mark ‘(b)’ indicates region enriched in Ti and N. Characterization of
nitrogen was not possible due to the use of a 1 um diameter beam
for spot analyzing. The results of EDS and EPMA analysis confirm
that this phase, AIN and TiN, is in agreement with XRD results.

Itisinteresting to note that no binary (with the exception of TiN)
or ternary compounds like Ti>AIN from Ti-Al-N system are being
formed in the present study even after annealing (apart from a very
small amount of Ti3AIN and Ti, N at the early stages of MA, detected
in XRD analysis). The reason is presumed to the complete dissolving
of aluminum in Ti lattice due to the selected equiatomic elemen-
tal powder mixture which is subjected to mechanical alloying and
formation of solid solution.

4. Conclusions

AIN/TiN nanostructured composite was produced by high-
energy ball mill and subsequent annealing of powder mixture
containing Ti and AIN ingredients. The mechanochemical reaction
between Ti and AIN took place in a gradual mode and led to the
formation of nanostructured composite. The obtained results can
be summarized as follows:

1. A part of AIN was found to be gradually reduced by Ti during MA
and Ti(AlLN) solid solution formed after early stages of milling.

2. The particle size of supersaturated Ti(Al,N) solid solution and AIN
reduced to submicron size and formed nanocrystalline structure
as evident from XRD and SEM results.

3. The lattice parameter and interplanar distance of Ti shows that
all of the decomposed Al dissolved in the Ti lattice by MA and
causes its contraction, while only 1at.% of N dissolves to form
Ti(ALN) solid solution and leads to its dilation and the remaining
N reacts with Ti to form TiN.

4. Annealing of 360 ks MA powder leads to phase transformation as
a result of increased thermal diffusivity, the formation of more
TiN phase with more under-stoichiometric characteristic, as well
as stress releasing and grain growth.
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