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Abstract

Commercial TiN and AlN powders were high-energy ball milled for various durations and consolidated without a binder using the pulsed current
activated sintering method (PCAS). The effects of milling on the sintering behavior, crystallite size and mechanical properties of the TiN–AlN
composites were evaluated. A dense nanostructured TiN–AlN composite with a relative density of up to 99% could be readily obtained within 3 min.
The ball milling effectively refined the crystallite structure of the TiN and AlN powders and facilitated subsequent densification. The sintering-onset
temperature was appreciably reduced by milling for 40 h from 1200 1C to 1000 1C. Accordingly, the relative density of the TiN–AlN composite
increased as the milling time was increased. This clearly demonstrates that the quick densification of nanostructured TiN–AlN bulk materials to near
the theoretical density could be obtained by the combination of PCAS and the preparatory high-energy ball milling process.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nitrides are used in many applications because of their hardness,
high-temperature properties and wear resistance. Among the
various nitrides, titanium nitride is particularly interesting because
of its excellent wear properties and corrosion resistance [1].
Titanium nitride can be produced by the self-propagating high
temperature synthesis (SHS) process [2,3]. The combustion synth-
esis of titanium nitride has usually been conducted under nitrogen
gas pressures ranging from 0.1 to 10 MPa. The effects of the
nitrogen pressure, pressed sample porosity, and diluent addition on
the material stoichiometry have been investigated [4–7].

Dense TiN bodies can be sintered using micron-sized powders
and conventional sintering at high temperatures (above 2000 1C).
By comparison, the use of nano powders allows sintering at
lower temperatures (1300–1500 1C) [8]. Nevertheless, nano
powders often present a high oxygen affinity which can be an
obstacle in the densification stage [9]. The pulsed-current
activated sintering (PCAS) method has recently emerged as an
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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effective technique for the consolidation of high temperature
materials which are difficult to sinter without additives because
of their high melting point and strong covalent bond [10–12].
We previously investigated the sintering behavior of TiN
nanopowders using PCAS. The average crystallite size of the
sintered TiN was much larger than that of the nanopowders due
to grain growth. This may be attributed to the high grain
boundary energy of TiN [13].
Nanocrystalline materials have received much attention as

advanced engineering materials with improved physical and
mechanical properties [14,15]. Since they possess a high strength
and hardness as well as excellent ductility and toughness, they
have garnered more attention recently [16,17]. In an effort to
sinter nanostructured TiN compacts, a second phase such as AlN
has been added to inhibit grain growth. AlN has many attractive
properties including a high thermal conductivity, a lower thermal
expansion, and other good electrical properties [18].
In this study, we investigated the binderless sintering of

TiN–AlN composites using the PCAS method. The effects of
preparatory milling on the crystalline size, mechanical properties,
and densification behavior of micron-size TiN–AlN powders were
evaluated.
ghts reserved.
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Fig. 1. Schematic of the pulsed-current activated sintering set-up.

Fig. 2. FE-SEM images of the TiN–AlN powders after high-energy milling for vario
10 h, and (e) milled for 40 h.
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2. Experimental procedures

The TiN powders used in this study were supplied by
Treibacher Industrie AG (Germany) and had an average particle
size of about 1.4 μm with a purity of 99%. The AlN powders
were supplied by Aldrich, Inc. and had a grain size ofo10 μm
with a purity of 98%. The powders (50 mol%TiN–50 mol%
AlN) were first milled in a high-energy ball mill (Pulverisette-5
planetary mill) at 250 rpm for various durations (0, 1, 4, 10, and
40 h). Tungsten carbide balls (9 mm in diameter) were used in a
sealed cylindrical stainless steel vial under an argon atmosphere.
The balls:powder weight ratio was 30:1. The milling resulted in
a significant reduction of the particle size. The crystallite sizes of
the TiN and AlN powders were calculated from the full width at
half-maximum (FWHM) values of the diffraction peaks by
applying Suryanarayana and Grant Norton′s formula [19].

BrðBcrystalline þ BstrainÞ cos θ¼ kλ=Lþ η sin θ ð1Þ

Here, Br is the full width at half-maximum (FWHM) of the
diffraction peak after instrument correction, Bcrystalline and Bstrain
are the FWHM values caused by small grain size and internal
us durations: (a) as-received, (b) milled for 1 h, (c) milled for 4 h, (d) milled for
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stress, respectively, k is a constant (with a value of 0.9), λ is the
wavelength of the X-ray radiation, L and η are the grain size and
internal strain, respectively; and θ is the Bragg angle.
The parameters B and Br follow Cauchy′s form with the
relationship B¼Br+Bs, where B and Bs are the FWHMs of the
broadened Bragg peaks and the Bragg peaks of the standard
sample, respectively.

The powders were placed in a graphite die (outside diameter of
35 mm, inside diameter of 10 mm, height of 40 mm) and then
introduced into the pulsed current activated sintering (PCAS)
apparatus, as shown schematically in Fig. 1. The PCAS apparatus
includes a 30 kW power supply which provides the pulsed current
(on time of 20 msec, off time of 10 msec) through the sample and a
50 kN uniaxial press. The system was first evacuated and a
uniaxial pressure of 80 MPa was applied. A pulsed current was
then activated and maintained until the densification rate was
negligible, as indicated by the real-time output of the shrinkage
Fig. 3. X-ray diffraction patterns of the TiN–AlN powder after high-energy milling
milled for 10 h, and (e) milled for 40 h.
recode system. The shrinkage was monitored by a linear gauge
which measured the vertical displacement. The temperatures were
measured by a pyrometer focused on the surface of the graphite
die. At the end of the process, the pulsed current was turned off
and the sample was cooled to room temperature. The process was
carried out under vacuum at a pressure of 4� 10�2 Torr.
The relative density of the sintered sample was measured by

the Archimedes method. The samples for the microstructural
examination were polished and etched using a solution of HF
(10 vol%), HNO3 (40 vol%) and H2O (50 vol%) for 1–2 min at
room temperature. Compositional and microstructural analyses
of the powders and the products were conducted by X-ray
diffraction (XRD), scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS), and field emission
scanning electron microscopy (FE-SEM). The Vickers hardness
was measured by performing indentations at a load of 20 kgf
and a dwell time of 15 s.
for various durations: (a) as-received, (b) milled for 1 h, (c) milled for 4 h, (d)



Fig. 4. Shrinkage displacement–temperature curves obtained during the pulsed
current activated sintering of TiN–AlN powders milled for various durations.

Fig. 5. X-ray diffraction patterns of the sintered compacts of TiN–AlN powders afte
4 h, (d) milled for10 h, and (e) milled for 40 h.
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3. Results and discussion

Fig. 2 shows SEM images of the TiN–AlN mixture powders
obtained after high-energy milling for various durations. The
high-energy milling greatly refined the microstructure of the TiN
and AlN particles. Nevertheless, any chemical reaction between
TiN and AlN powders during the milling process was observed.
Fig. 3(a–e) shows the X-ray diffraction patterns of the TiN and
AlN powders after milling for 1–40 h. As marked in the patterns,
they show only TiN and AlN peaks, suggesting the absence of a
chemical reaction between them. However, both the TiN and
AlN peaks are broadened due to strain and crystallite refinement
and their broadening increases with increasing milling time.
The milling process is known to introduce impurities from the
ball and/or container. However, in this study, peaks other than
TiN and AlN were not identified. Therefore, it can be concluded
that no major contamination occurred.
The TiN crystallite sizes calculated using Suryanarayana and

Grant Norton′s formula were 56, 21, 15 and 10 nm after milling
for 1, 4, 10, and 40 h, respectively. The AlN crystallite sizes were
26, 22, 21, and 16 nm after milling for 1, 4, 10, and 40 h,
respectively. The above results suggest that the milling effectively
r milling for various durations: (a) as-received, (b) milled for 1 h, (c) milled for
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refined the microstructure of the TiN and AlN raw powders
which may help the subsequent densification process thereafter.

The shrinkage displacement–time (temperature) curve pro-
vides important information concerning the consolidation
behavior. Fig. 4 shows the shrinkage record of the TiN–AlN
compacts obtained under an applied pressure of 80 MPa. After
the initial expansion period, the compact shrinks rapidly
depending on the milling conditions. The amount of shrinkage
displacement, which is an indication of the degree of densi-
fication, increases with increasing milling time. It is seen that
the shrinkage-onset temperature decreases with increasing
milling time. In addition, the time required to obtain a certain
shrinkage displacement becomes shorter as the milling time
increases. Similarly, the temperature required to obtain a
certain shrinkage displacement also decreases with increasing
milling time. This demonstrates the effectiveness of the
preparatory milling process on the densification of the TiN–
AlN powders. It is considered that the milling effect increases
because both the driving force for sintering and the powder
contact points for the atomic diffusion route increase.
100nm 

100nm 

100nm 

Fig. 6. SEM micrographs showing the polished and etched surface of TiN–AlN com
and (e) milled for 40 h.
Fig. 5 shows the X-ray diffraction patterns of the sintered
TiN–AlN powders. All peaks are indexed to TiN and AlN.
The broader peaks observed after milling were reduced
significantly suggesting that grain growth occurs during
sintering. Fig. 6(a–e) shows SEM images of the polished
surface of the sintered TiN–AlN composites. The reduction of
the pore volume and grain size with increasing milling time is
obvious. The sintered compacts possess a nano-scale grain size
even though they are obviously larger than the milled powders.
In this regard, it is interesting to refer to our previous study of
TiN using PCAS. Unlike the results of this study, the average
crystallite size of the sintered TiN was several micrometers,
which was significantly larger than that of the starting
powders. [13]. In view of this, it is believed that a nanos-
tructured TiN–AlN composite was obtained since finely
dispersed AlN and TiN powders acted to inhibit the grain
growth of each other during the sintering. The relative
densities of TiN–AlN sintered at 1490 1C from the powders
milled for 0, 1, 4, 10 and 40 h are 80%, 92%, 96%, 99% and
99%, respectively.
100nm 

100nm 

: TiN 

: AlN 

pacts: (a) as-received (b) milled for 1 h, (c) milled for 4 h, (d) milled for 10 h,
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The highly dense TiN–AlN composite was sintered within
3 min by pulsed current activated heating. The role of the pulse
current in sintering has been the subject of several studies
conducted to explain the observed enhancement of sintering
and the improved characteristics of the products. The role
played by the current has been variously interpreted with the
effect being explained in terms of the fast heating rate due to
Joule heating, the presence of plasma in the pores separating
powder particles [20], and the intrinsic contribution of the
current to mass transport [21–23].

The Vickers hardness and fracture toughness were measured
to evaluate the mechanical properties of the TiN–AlN compo-
sites. The Vickers hardness measurements were performed on
polished sections of the TiN–AlN composites using a 20 kgf
load and a 15 s dwell time. Indentations with large enough
loads produced median cracks around the indent. From the
length of these cracks, the fracture toughness values can be
determined using the following formula proposed by Niihara
et al. [24]

KIC ¼ 0:203ðc=aÞ�3=2H⋅
Va

1=2 ð2Þ
Fig. 7. Vickers hardness indentations of the TiN–AlN composites sintered using T
for 1 h, (c) milled for 4 h, (d) milled for 10 h, and (e) milled for 40 h.
Here, c is the trace length of the crack measured from the
center of the indentation, a is one half of the average length for
the two indent diagonals, and Hv is the hardness.
The hardness of the sintered TiN–AlN composite increased

as the milling time increased without a loss of the fracture
toughness. This effect may be attributed to enhanced densifi-
cation. The hardness and fracture toughness values of TiN–
AlN sintered at 1490 1C using powders milled for 0, 1, 4, 10,
and 40 h are 470, 1044, 1474, 1831, and 1839 kg/mm2 and 2.9
3.1, 3.2, 3.3, and 3.3 Mpa m1/2, respectively. The hardness of
the TiN–AlN composite sintered from powders milled for 40 h
is significantly higher than that of TiN previously reported
(1486 kg/mm2) [13] possibly due to grain size refinement.
It was believed that the grain size refinement of TiN–AlN
composite was possible because the coexistence of TiN or AlN
grains is expected to act as an obstruction to the individual
grain growth of each nitride phases. The Vickers hardness
indentations on the TiN–AlN samples sintered from the
powders milled for 0, 1, 4, and 10 h are shown in Fig. 7(a–e),
which typically show one to three additional cracks propagating
radially from the indentation.
iN–AlN powders after milling for various durations: (a) as-received, (b) milled
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4. Conclusions

A mixture of commercial TiN and AlN powders was high-
energy ball milled for various durations and consolidated
without a binder using the pulsed current activated sintering
method (PCAS). The ball milling substantially refined the
crystallite structure of the TiN and AlN powders and greatly
facilitated the subsequent densification process. The shrinkage-
onset temperature of the TiN–AlN powders was reduced by
milling for 40 h from 1200 1C to 1100 1C. A nanostructured
TiN–AlN composite can be obtained by the addition of AlN to
TiN. The fracture toughness and Vickers hardness values of
the TiN–AlN compacts sintered at 1490 1C were 2.9, 3.1, 3.2,
3.3, and 3.3 Mpa m1/2 and 470, 1044, 1474, 1831, and
1839 kg mm�2 using powders milled for 0, 1, 4, 10, and
40 h, respectively. Their corresponding relative densities were
approximately 80%, 92%, 96%, 99%, and 99%. The micro-
hardness values of the sintered TiN–AlN composites were
higher than that of monolithic TiN due to the refinement of
grain size.
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