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The 70 wt.% (TiCxNy–TiB2)/Ni composites were fabricated successfully by the combustion synthesis and hot press
consolidationof theNi–Ti–Al–B4C–BNpowdermixtures. The additionofAl toNi–Ti–B4C–BNsystemsignificantly de-
creased the ignition difficulty of combustion synthesis, and improved the compression properties of (TiCxNy–TiB2)/Ni
composites. The final productsmainly consist of Ni, TiCxNy and TiB2, and the ceramic particles distribute uniformly in
the composites. With increasing Al content from 0 to 8 wt.%, the average sizes of the TiCxNy and TiB2 particles de-
crease a little, while the hardness and the compression strength increase firstly and then decrease, and the fracture
strain increases. The composite with optimal 5 wt.% Al possesses the best comprehensive properties: the highest
hardness (1794 Hv), the superior compression strength (3.76 GPa), and the fracture strain (4.2%), resulting in an
overall increase by ~15%, ~28%, and ~45%, compared with these of the composite without the Al addition,
respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Comparedwith theWC–Co cemented carbides, TiCxNy (x+y ≤ 1) and
TiB2 ceramics possess better properties, such as higher hardness, good
wear resistance, superior cutting performance, and better oxidation resis-
tance [1–7], and thus, they have been promising candidates for cutting
toolmaterials. However, since thewettability of Ni binder on the Ti(CxNy)
andTiB2 isworse than that of Cobinder on theWC, Ti(CxNy)/Ni andTiB2/Ni
composites possess the less toughness, contributing to their limited ap-
plication [8,9]. Lately, some researchers reported that some elements,
such asMo, could improve thewettability between ceramics andmetal-
lic binder Ni, refine the ceramic particles and enhance the compression
properties. Parikh andHumenik reported that the contact angle of Ni on
TiC in vacuum decreased with the addition of 10 wt.% Mo [10,11].
LaSalvia's results showed that the addition of Mo resulted in a decline
in the number of interphase debinding and binder micro-cracking
[12]. Due to the low specific gravity, and strong chemical activity of
Al with Ni, it is reasonable that Al has the potential to enhance the
mechanical properties of the composites. Till now, the effect of Al was
still rarely reported.
Combustion synthesis has many advantages, such as dispersing the
ceramic uniformly, clean particle-matrix interface and simplicity of ex-
perimental set-up due to lower reaction temperature [13–15]. In order
to improve thefinal density of the composites, an additionalmechanical
pressure was applied, which is commonly defined as combustion syn-
thesis and hot press consolidation [16].

In this work, the (TiCxNy–TiB2)/Ni composites with different con-
tents of Al were fabricated by the method of combustion synthesis
and hot press consolidation at a relatively low processing temperature
(~1073 K). Meanwhile, the effects of the Al content on the relative den-
sity, hardness, microstructures and compression properties of the
(TiCxNy–TiB2)/Ni composites were investigated in detail. The addition of
Al can improve the comprehensive properties of the (TiCxNy–TiB2)/Ni
composites. It will offer some guidance to the fabrication, investigation
and application of the Ni matrix composites, even more to the other
metal matrix composites.
2. Experimental

The raw materials used were commercial powders of Ni (99.5%
purity, ~58 μm), Al (99% purity, ~75 μm), Ti (99% purity, ~25 μm),
BN (99% purity, ~3.0 μm) and B4C (99% purity, ~3.5 μm). The nominal
content of the ceramic particles fabricated in the composites was
70 wt.%, and the mole ratio of Ti:BN:B4C was fixed as 9:2:2
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Fig. 2. DTA curves of the Ni–Al–Ti–BN–B4C reactant mixture with 0 wt.% and 8 wt.% Al at
the heating rate of 40 °C/min to 1230 °C in the condition of flowing Ar.
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corresponding to the reaction Eq. (1). The content of Al increases
from 0 to 8 wt.%.

9 Ti þ 2 BN þ 2 B4C→4 Ti C0:5N0:5ð Þ þ 5 TiB2 ð1Þ

The mixed powders were dry-mixed in a stainless-steel container
with stainless-steel balls at a low speed (50 rpm) for 8 h. Then, the pow-
ders were uniaxially cold pressed in the stainless steel dies. The powder
mixtures of the Ni–Ti–BN–B4C and the Ni–8Al–Ti–BN–B4C powders
were performed for DTA (TA SDT-Q600, USA) experiment in order to
analyze the phase transitions in the Ni–Ti–BN–B4C and the Ni–8Al–Ti–
BN–B4C powders. A small amount of the reactants weighing about
50 ± 5 mg were held in an alumina crucible and heated to 1230 °C at
a heating rate of 40 °C/min, and some interrupted runs were performed
in order to obtain the intermediate reaction products.

The prepared cylindrical green compact with 28 mm in diameter
was placed in a set of graphite dies, which was put into the self-made
vacuum thermal explosion furnace (shown in Fig. 1). The heating rate
of the furnace was about 0.5 K/s in a vacuum atmosphere. Once the
composite synthesis reaction was ignited, the compact was quickly
pressed just when it was hot and soft. The pressure (~40 MPa) was
maintained for 30 s and then sample was cooled down to the room
temperature.

The combustion temperature experiments were conducted in a self-
made vacuum vessel in an Ar atmosphere. During the reaction process,
the temperature in the position about 3 mm beneath the center of the
compact top surface was measured by W5-Re26 thermocouples, W5-
Re26 is the index number of the thermocouple, and the signals were re-
corded and processed by a data acquisition system using an acquisition
speed of 50 ms per point.

The phase constituent of DTA products and the bulk samples were
investigated by XRD (D/Max 2500PC Rigaku, Japan) using Cu Kα radia-
tion. The microstructure and the fracture surfaces were examined by a
SEM (Evo18, Carl Zeiss, Germany) equipped with an energy-dispersive
spectrometer (Link-ISIS, Oxford, Britain). The density was determined
by the method of Archimedes' principle. Microhardness of the compos-
ites was measured by a Vickers hardness tester (1600-5122VD
Micromet 5104, USA) using a static load of 10 N and a dwell time of
15 s. The uniaxial compression tests were carried out under servo-hy-
draulic material testing system (MTS, MTS 810, USA) at a strain rate of
1 × 10−4 s−1.

3. Results and discussion

3.1. Phase identification and microstructures

Fig. 2 shows the DTA curves for the Ni–Ti–BN–B4C and the Ni–8Al–
Ti–BN–B4C powders. In the Ni–Ti–BN–B4C system, a significant exother-
mic peak starts at near 1069 °C, and two exothermic peaks follow
immediately at 1130 °C and 1174 °C. In the Ni–8Al–Ti–BN–B4C system,
Fig. 1. Schematic of the equipment for the combustion synthesis and hot press
consolidation.
an endothermic peak appears at temperatures close to 660 °C, corre-
sponding to the melting of Al, from 730 °C to start an obvious exother-
mic peak, continue to 830 °C. It shows that there will be a long time
exothermic reaction during this stage, and the reaction is not severe.
When the temperature increased to 1070 °C, it appears a weak endo-
thermic peak, then, other two strong exothermic peaks appeared at
1085 °C and 1134 °C, respectively.

In order to develop an understanding of the phase transitions in the
Ni–Ti–BN–B4C and Ni–8Al–Ti–BN–B4C systems, experiments quenched
at about 1050 °C, 1085 °C, 1160 °C and 1180 °C were carried out in the
Ni–Ti–BN–B4C mixtures, and experiments quenched at about 700 °C,
1000 °C, 1100 °C and 1150 °C were carried out in the Ni–8Al–Ti–BN–
B4C mixtures. Fig. 3 shows the XRD analysis results of the quenched
sample in the Ni–Ti–BN–B4C system. As indicated, the phase constitu-
ents of sample quenched at different temperatures show a remarkable
change. When the products heated below 1050 °C, the Ni, Ni3B, Ni3Ti
and TiN0.3 phases were detected, indicating the occurrence of reactions
between Ni and Ti, Ti and BN, and Ni and BN. It suggested that some
solid-state diffusion reactions had occurred among these reactants and
the occurrence of the reaction between Ti and BN is somewhat easier
than the others. When the products heated to 1085 °C, the Ni, Ni3B,
Ni3Ti and TiN0.3 phases were detected [see Fig. 3(b)], and TiCxNy and
Fig. 3. X-ray diffraction patterns of the Ni–Ti–BN–B4C system quenched from different
temperatures: (a) 1050 °C, (b) 1085 °C, (c) 1160 °C and (d) 1180 °C, respectively.



Fig. 4.X-ray diffraction patterns of theNi–8Al–Ti–BN–B4C systemquenched fromdifferent
temperatures: (a) 700 °C, (b) 1000 °C, (c) 1100 °C and (d) 1150 °C, respectively.

Fig. 6. Variation of the maximum combustion temperature in the Ni–Al–Ti–B4C–BN
system with different Al contents.
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some TiB2 were detected. It indicated that the exothermic event at
1069 °C was caused by the formation of TiCxNy. From Fig. 3(c) can be
seen, after heating the Ni–Ti–BN–B4C mixture to 1160 °C, a mass of Ni,
Ni3Ti, TiCxNy, TiB2 and Ni3B phase were detected in the quenched
products, while the TiN0.3 phase disappeared. It indicated that the exo-
thermic event at 1130 °Cwas also caused by the formation of TiCxNy and
TiB2. Up to the temperature of 1180 °C, the diffraction peaks of Ni, Ni3Ti,
TiCxNy and TiB2 phases were detected in the quenched products, and
Ni3B phases disappeared. It meant that the reaction was completed at
1180 °C, and a large number of the final product of reaction was gener-
ated, such as TiCxNy and TiB2. At 1174 °C, the strong exothermic peak
was caused by the TiB2 formation.

The XRD patterns of products were shown in Figs. 4(a–d). As shown
in Fig. 4(a), there is no reaction that occurred before 700 °C in the Ni–
8Al–Ti–BN–B4C system. When the products heated to 1000 °C, the
Ni3Ti, TiNy, Al3Ti, and Ni2B phases were detected, indicating the
Fig. 5. The typical temperature profiles for the Ni–Ti–B4C–BN and Ni–Al–Ti–B4C–BN
compacts in the thermal explosion reactions.
occurrence of reactions between Ni and Ti, Al and Ti, Ti and BN, Ni and
BN and the presence of the liquid phase promotes the formation of
these compounds. From Fig. 4(c) can be seen, at 1100 °C, Ti phase disap-
pears, and the TiB and Ni4B3 phases appear. In addition, a large number
of intermetallic compounds, such as AlTi3, Al4Ni3 and Ni3Ti phases,
begin to appear. It shows that in Fig. 2, the endothermic peak at
1070 °C is due to the formation of large amounts of liquid phase, and
the phase of liquid also promotes the reaction process. The exothermic
peak at 1085 °C mainly related to the formation of TiB. This is because
only TiB can release such intense heat (as shown in Eq. (2)).

Ti þ B→TiB ΔH ¼ –160:25 kJ=mol ð2Þ
Fig. 7. X-ray diffraction patterns for the composites with different Al contents: (a) 0, (b) 2,
(c) 5 and (d) 8 wt.%, respectively.



Fig. 8.Microstructures of the (TiCxNy–TiB2)/Ni composites with different Al contents: (a) 0, (b) 2, (c) 5 and (d) 8 wt.%, respectively.
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Up to the temperature of 1150 °C, the diffraction peaks of TiCxNy and
TiB2 phases are detected in the quenched products, and the TiNy, Ni2B
and BN phases are disappeared. It means that the reaction is completed
at 1150 °C, and a large number of the final product of reaction is gener-
ated, such as TiCxNy and TiB2. At 1134 °C, the wide strong exothermic
peak is due to the formation of TiCxNy and TiB2. TiCxNy and TiB2 forma-
tion. Compared with Ni–Ti–BN–B4C system, a large number of liquid
phase appear in theNi–8Al–Ti–BN–B4C system at 1070 °C, and the com-
plete reaction temperature is reduced from 1174 °C to 1134 °C. It could
decrease the maximum combustion temperature of the Ni–Al–Ti–B4C–
BN system.

Fig. 5 shows the typical temperature profiles for the Ni–Ti–B4C–
BN and Ni–Al–Ti–B4C–BN compacts in the thermal explosion
reactions. Fig. 6 shows the variation of the maximum combustion
Fig. 9. Compression engineering stress–strain curves of the (TiCxNy–TiB2)/Ni composites
with different Al contents.
temperature in Ni–Al–Ti–B4C–BN systems with different Al contents.
It is observed that the maximum combustion temperature of the Ni–
Al–Ti–B4C–BN systemdecreases sharply from 2600 K to 2378 Kwith in-
creasing Al content from 0 to 8 wt.%. The melting point of Al is about
660 °C and the temperaturewill reach800 °Cduring the heatingprocess
before the thermal explosion reaction, so Al has already melted before
the reaction. With Al addition, the liquid phase appears at lower tem-
perature, the addition of Al can promote the reaction of Al reacting
with other elements, and the maximum combustion temperature is
reduced.

The reactionmechanism in the thermal explosion reaction of theNi–
Al–Ti–B4C–BN compacts could be described as follows: The explosion
reaction in the Ni–Al–Ti–B4C–BN systems starts with the formation of
Ni3Ti, Al3Ti, TiNy and Ni2B phases from the reactions between Ni and
Ti, Al and Ti, Ti and BN, and Ni and BN, respectively. With the addition
of Al, the liquid phase appears at a lower temperature, the addition of
Al can promote the reaction of Al reacting with other elements. Subse-
quently, the Ni–Al–Ti liquid is formed from the melting of the Ni–Al–
Ti phase. The Ni–Al–Ti liquid spreads over the BN, B4C and the remain-
ing Ti particles. Subsequently, the carbon, boron and nitrogen atoms
from the bulk B4C and BN continuously diffuse into the liquid phase to
form Ni–Al–Ti–B–C–N liquid. TiB generated and precipitates from the
Ni–Al–Ti–B–C–N liquid. The heat generated from these reactions pro-
motes the further dissolution of the C, B andN atoms in theNi–Al–Ti liq-
uid to form the Ni–Al–Ti–B–C–N liquid. As the B, N and C atoms in the
liquid become sufficiently supersaturated, a plenty of TiB2 and TiCxNy

grains begin to precipitate.
Table 1
Density and relative density of the cylindrical powder compacts.

Samples Density (g/cm3) Relative density (%)

30 wt.% Ni + 0 wt.% Al 3.474 ± 0.026 66.3 ± 0.5
28 wt.% Ni + 2 wt.% Al 3.422 ± 0.031 65.8 ± 0.6
25 wt.% Ni + 5 wt.% Al 3.341 ± 0.032 65.9 ± 0.6
22 wt.% Ni + 8 wt.% Al 3.338 ± 0.036 66.1 ± 0.7



Table 2
Room-temperature compression properties, measured density and microhardness of the 70 wt.% (TiCxNy–TiB2)/Ni composites with different Al contents.

Samples Measured density (g/cm3) σUCS (GPa) εf (%) Hv

30 wt.% Ni + 0 wt.% Al 5.24 ± 0.08 2.94 ± 0.11 2.9 ± 0.2 1561 ± 36
28 wt.% Ni + 2 wt.% Al 5.20 ± 0.08 3.36 ± 0.09 3.7 ± 0.2 1691 ± 45
25 wt.% Ni + 5 wt.% Al 5.07 ± 0.07 3.76 ± 0.15 4.2 ± 0.3 1794 ± 39
22 wt.% Ni + 8 wt.% Al 5.05 ± 0.06 3.47 ± 0.12 4.5 ± 0.2 1513 ± 28
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Fig. 7 shows XRD patterns for the 70 vol.% (TiCxNy–TiB2)/Ni compos-
ites with 0, 2, 5 and 8 wt.% Al addition. Only the Ni, TiB2 and TiCxNy

phases are detected in the absence of Al. The addition of 2wt.% Al results
in the formation of AlNi3. Further increasing the Al content to 5 wt.%
formed AlNi2Ti, and simultaneously weaken the (200) and (220) dif-
fraction peak of AlNi3 phase. When the content of Al is 8 wt.%, only Ni,
TiB2, TiCxNy and AlNi2Ti are detected in the composites. Fig. 8 shows
the SEM images of the 70 vol.% (TiCxNy–TiB2)/Ni composites with 0, 2,
5 and 8 wt.% Al addition. The composites are dense. The synthesized
TiCxNy particles are in the shape of near-spherical or spherical shape,
while the TiB2 particles are in the shape of rectangular or hexagonal
shape. They are all distributed uniformly in the Ni matrix, and the
sizes of the ceramic particles decrease from about 4 μm to less than
2 μm with the addition of Al. The decreasing of the ceramic particle
sizes might be attributed to the decrease of the maximum combustion
temperature. The maximum combustion temperature of the Ni–Al–Ti–
B4C–BN system decreases sharply from 2600 K to 2378 K with increas-
ing Al content from 0 to 8 wt.%. With Al addition, a large number of
liquid phase appear at lower temperature, the addition of Al can pro-
mote the reaction of Al reactingwith other elements, and themaximum
combustion temperature are reduced. Furthermore, the addition of Al
increased the density due to the binder effect.
3.2. Compression properties

Fig. 9 shows the compression engineering stress–strain curves of the
(TiCxNy–TiB2)/Ni composites, and the compression properties and hard-
ness are given in Table 2. With the increase of Al content from 0 to
5 wt.%, the ultimate compression strength (σUCS), fracture strain (εf),
and microhardness (Hv) of the composites increase from 2.94 GPa,
2.9%, and 1561 Hv to 3.76 GPa, 4.2% and 1794 Hv, respectively. Further
increasing Al content to 8 wt.%, σUCS, and Hv decrease, and εf increases
a little. The (TiCxNy–TiB2)/Ni composites with 5 wt.% Al possess the
best comprehensive properties: the highest Hv (1794 Hv), the superior
σUCS (3.76 GPa), the higher εf (4.2%), resulting in the overall increase by
15%, 28% and 45%, compared with these of the (TiCxNy–TiB2)/Ni com-
posites without Al addition.

The strength of the composites is determined by the strength of the
reinforcement and matrix, and the interfacial bonding strength
between the reinforcements and the matrix. The finer TiCxNy and TiB2
ceramic particles could be the main factor for improving the
Fig. 10. Fracture surfaces of the (TiCxNy–TiB2)/Ni c
compression strength and hardness of the (TiCxNy–TiB2)/Ni composites
with the Al addition. It has been reported that better reinforcing effect
and higher hardness can be achieved in the compositeswith smaller ce-
ramic particles [13]. On the other hand, the enhanced strength of the
matrix is another important factor. As known, the dissolution of Al
into Ni can increase the strength of Nimatrix by solid solution strength-
ening. Due to the increased matrix strength, the compression strength
and hardness of the (TiCxNy–TiB2)/Ni composites with the addition of
Al is enhanced greatly compared with the (TiCxNy–TiB2)/Ni without
the addition of Al. The fracture surfaces of the (TiCxNy–TiB2)/Ni compos-
ites with 0 and 5 wt.% Al are shown in Fig. 10. As indicated, in the
(TiCxNy–TiB2)/Ni composites without the addition of Al, most of the
cracks propagate along the ceramics–matrix interface, while in the com-
posites with the addition of 5 wt.% Al, most of the cracks propagate in
the matrix and traverse some of the ceramic particles. It indicates that
the matrix strength between the ceramic particles and matrix can be
improved by the addition of Al. Table 1 lists the measured density of
the (TiCxNy–TiB2)/Ni composites. It can be seen that themeasured den-
sity of the composites with the addition of Al is lower than that of the
compositewithout the addition of Al, indicating that the excessive addi-
tion of Al is not beneficial to the densification of the composites. With
the further increasing Al content to 8 wt.%, the relative density of the
composites decreases, furthermore, more AlNi2Ti brittle phase leading
to a decline in the compression strength. The enhancement of the
strength of the composites with the increase of the Al addition ismainly
due to the refinement of the ceramics, the solid solution of Al in the Ni
matrix, as well as the improvement of the interfacial bonding strength
between the ceramics and the Ni matrix.
4. Conclusions

The 70 vol.% (TiCxNy–TiB2)/Ni compositeswith 0, 2, 5, 8wt.% Alwere
successfully fabricated by the method of combustion synthesis and hot
press consolidation in the Ni–Al–Ti–B4C–BN systems. The addition of
Al to Ni–Ti–B4C–BN system significantly decreased the ignition difficul-
ty, and improved the compression properties of (TiCxNy–TiB2)/Ni com-
posites. With the increase in Al content from 0 to 8 wt.%, the average
sizes of the ceramic particles TiCxNy and TiB2 both decrease from 4 to
b2 μm due to the decline in the maximum combustion temperature.
With the increasing Al content, the hardness and compression strength
of the (TiCxNy–TiB2)/Ni composites increase firstly, and then decrease.
omposites with (a) 0 wt.% and (b) 5 wt.% Al.
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The composite with 5 wt.% Al possesses the best comprehensive proper-
ties: the highest hardness (1794 Hv), the superior compression strength
(3.76GPa), and the higher fracture strain (4.2%), resulting in an overall in-
crease by 15%, 28% and 45%, comparedwith these of the (TiCxNy–TiB2)/Ni
composites without Al addition, respectively. The enhancement of the
strength of the composites with the increase of the Al addition is mainly
due to the refinement of the ceramics, the solid solution of Al in the Ni
matrix, aswell as the improvement of the interfacial bonding strength be-
tween the ceramics and the Ni matrix.
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