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CHARACTERISTICS OF THE NiAl/Ni3Al MATRIX COMPOSITE WITH TiB2 PARTICLES FABRICATED
BY HIGH PRESSURE – HIGH TEMPERATURE SINTERING

The article presents the results of tests carried out on the manufactured composite materials based on a two-phase NiAl/Ni3Al
matrix, which was enriched with the addition of TiB2 ceramic particles added in an amount of 4 and 7 vol%. The resulting mixtures
were sintered by the High Pressure High Temperature (HP-HT) process. The results were compared to the results obtained for the
sole matrix material produced under the same conditions. It has been shown that, at a lower density, the addition of reinforcing
particles increases the composite hardness, Young’s modulus and resistance to frictional wear. However, higher addition of TiB2
(7 vol%) was observed to yield less satisfactory results, and despite higher hardness and lower density caused a decrease in other
properties tested. The produced materials were characterized by a compact and highly differentiated microstructure free from any
noticeable cracks and pores.
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1. Introduction
Modern technology poses new challenges to materials engineering. This mainly refers to the design and technology for
the manufacture of materials with different chemical and phase
composition. These materials are expected to offer higher and
more stable mechanical properties than the materials used currently. The materials selected for tests belong to a group of alloys
based on the intermetallic Ni-Al phase. The system includes
five different phases, but in terms of the properties possessed
only NiAl and Ni3Al can find industrial applications. The most
important are the following properties: a relatively high melting point and Young’s modulus, high resistance to oxidation
and low density (favourable specific strength Rm/ρ), relatively
low friction wear and sufficiently high resistance to the effect
of chemicals [1-3]. A combination of these features decides
that the above mentioned phases are used as a base material for
multicomponent alloys, mainly those designed for operation at
high temperatures [4]. In numerous alloys, the Ni3Al phase is
also used as a reinforcing element [5,6]. The major drawbacks
of the NiAl phase include its brittleness at room temperature
and unsatisfactory creep resistance at elevated temperatures
[7-9]. The drawbacks of the Ni3Al phase are higher density
(7.5 g/cm3) and lower resistance to oxidation compared to NiAl,
and also low fracture toughness [3,10,11]. Much effort has been
made to improve these imperfections, and the main tool used

was modification of microstructure. To achieve this goal, various alloying additions were introduced to induce precipitation
of the second phase, or solid particles of the ceramic material
were added [12]. The grains were refined or their morphology
was changed (lamellar vs dendritic). Different manufacturing
methods were applied, including casting and sintering, and
in many cases, positive results were obtained. As a next step,
the ready sinters were examined, and it has turned out that the
fine-grain Ni-Al alloy gives satisfactory results in terms of the
improved ductility at room temperature, offering, moreover,
higher hardness, strength and fracture toughness [13-16]. High
values of the Young’s modulus and strength were also achieved
owing to the addition of TiB2 introduced in an amount of up to
30% [17,18]. Since the time when it was demonstrated that the
two-phase NiAl/Ni3Al system has the properties superior to the
properties of each of these two phases considered separately
[19,20], the resultant alloy has become the object of numerous
studies. Another method for hardening a two-phase NiAl/Ni3Al
matrix consists in the introduction of fine ceramic particles uniformly distributed therein. Beneficial effects of this operation
have already been shown for alloys [21] and mono-phase NiAl
[18,22,23] as well as Ni3Al [24,25] systems.
When NiAl and Ni3Al alloys were selected for the composite matrix, a satisfactory oxidation resistance of the former
one and excellent strength at elevated temperatures of the latter
one were taken into consideration. In contrast, TiB2 can offer
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high melting point, hardness and Young’s modulus, low density,
satisfactory resistance to oxidation, chemical and structural
stability at high temperatures and compatibility with nickel
aluminides [26,27]. It is therefore expected that the composite
material based on a two-phase NiAl/Ni3Al matrix reinforced
with TiB2 will be suitable for various applications, including
high-temperature use and conditions demanding improved
resistance to abrasion.

2. Materials and methods
The test material was prepared by high pressure – high temperature sintering (HP-HT) in a Bridgman-type apparatus. The
starting material was NiAl/Ni3Al powder (Ni79Al21, Goodfellow) of 45-150 μm granulation. According to the manufacturer’s
specification, the melting point of this powder is 1530°C. The
TiB2 powder (Atlantic Equipment Engineers) of 2-10 μm granulation was added in an amount of 4 vol% and 7 vol%. The whole
was mixed with grinding steel balls for 6 hours in a Turbula
device to achieve a uniform distribution of the ceramic particles.
The main objective in the fabrication of composites of this type
is providing a uniform distribution of ceramic particles (in this
case of TiB2) in the matrix and producing a dense microstructure
without microcracks and pores, characterized by strong cohesive
bonds formed between the grains. An important factor shaping
the properties of the resulting composite is the manufacturing
process carried out in a Bridgman type pressure apparatus. The
conducted studies have confirmed that free sintering of this material is impossible due to the matrix hardening effect at the stage
of mixture preparation, which makes moulding of samples very
difficult. The HP-HT process is very effective in the improvement
of grain orientation compared to the conventional hot pressing
and hot isostatic pressing methods, providing a density reaching
99% of the theoretical density [28,29]. The HP-HT process has
already proved to be successful in the manufacture of, among
others, 316L steel [29,30], NiAl alloy [31] and NiAl+TiB2
composite [32].
A scheme of the sintering process using Bridgman type apparatus was presented in [31,32]. The pre-moulded mixtures were
placed in a graphite heater and then in a special reactive material,
providing electrical contact and pseudoisostatic sintering condi-

tions. Samples were sintered at a pressure of 7.5 ±0.2 GPa. The
sintering temperature was 1504°C. The duration of the process
was 60 seconds. The samples produced had a diameter of 15 mm
and a thickness of 5 mm.
The starting composition of the composite mixtures as well
as the sintering process parameters are given in Table 1. Figure 1
shows a morphology of the initial matrix and reinforcing phase
powders used in the composite manufacturing. The grain size
is consistent with the values stated by the manufacturer, i.e.
45-150 μm (Fig. 1a) for NiAl and 2-10 μm (Fig. 1b,c) for TiB2.
The morphology of powders varies, showing much finer grains
of a lamellar type in the NiAl powder than the values given by
the manufacturer. On the other hand, large grains, especially
grains approaching their maximum size, occur sporadically
and have a globular shape. The observed shape of TiB2 grains
is polyhedral in the case of larger grains and lamellar in the case
of smaller grains.
The evaluation of the effect of TiB2 particles added in an
amount of 4 and 7 vol% to the NiAl/Ni3Al matrix was based on
the results of the measurements of density, Young’s modulus
and Vickers hardness. The density was measured by hydrostatic method. The uncertainty of measurement was 0.02 g/cm3.
Young’s modulus was determined with an Panametrics Epoch
III ultrasonic flaw detector. The value of error was 2%. Vickers
hardness HV1 was determined with a NEXUS 4000 hardness
tester. Phase identification were made by X-ray diffraction
(XRD) using Cu Kα radiation with a scintilation detector
(Brucker Discover D8). Microstructural examinations were
conducted on the obtained composites, using an Olympus GX51 optical microscope with Nomarski contrast and JEOL JSM
6610 LV scanning electron microscope with Energy Dispersive
Spectroscopy (AZtec). The examinations allowed determining,
among others, the homogeneity, compactness and porosity of
the composites. Measurements covered the uniformity of TiB2
particles distribution in matrix, particle size, and the shape and
homogeneity of composite phases.
Studies also included the assessment of wear resistance
of the obtained composite materials. Tests were conducted in
an ELBIT universal material tester operating according to the
relevant standard parameters [33]. Using a ball-on-disc/PinOn-Disc test principle, the device is designed for studies of the
high velocity wear behaviour in a couple of materials operatTABLE 1

Parameters of the pressure-assisted sintering process of two-phase NiAl/Ni3Al alloy
and composite based on this alloy
Samples

Pressure
[GPa]

Temperature
[ºC]

Sintering
time, [s]

Poisson's
ratio

7.5

1504

60

0.36

NiAl/Ni3Al matrix
NiAl/Ni3Al + 4 vol% TiB2
NiAl/Ni3Al +7 vol% TiB2
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a)

b)

c)

Fig. 1. Powder morphology: a) Ni79Al21 (Goodfellow) and b, c) TiB2 (AEE) at two different magnifications, BSE, SEM

ing at high temperatures. The following test parameters were
applied:
• Load applied: F = 5 N
• Radius of the wear track: R – 5 mm
• Environment: Air
• Ball diameter: r – 1/8”, Al2O3
• Temperature: 24 ±2 °C
• Velocity: V = 0.1 m/s
• Test duration: 10000 s

where: W – specific wear rate; V – is the wear volume on disc
specimen, in cubic milimetres, F – is the applied load, in newtons;
L – is the sliding distance, in metres.
The loss of volume was determined from the measurements
of the wear track width according to a precise relationship (“The
exact equation”) specified in the relevant standard [29]. The wear
track width was measured by optical microscopy. For the tested
materials Wear track width/sphere radius <0.3 (correct to 1%).
The calculated values of the specific wear rate were compared with the values calculated using relationships provided by
other authors. The impact of factors, such as moisture content,
load value and type of grinding balls on the coefficient of friction
and wear volume has already been tested and described in [35-37].

3. Results and discussion

Using Al2O3 grinding balls and a load of 5 N, parameters
such as the coefficient of friction, furrow depth (the depth of
material loss) and the wear rate W were determined. The coefficient of friction and furrow depth were measured automatically
and recorded in real time by a computer system of the tribotester.
The wear rate was determined as a wear volume according to
the relevant standard [34]:
W = V/(F *L),

(1)

Figure 2 shows microstructure of the obtained sinters (both
matrix and composites) examined under an optical microscope.
The produced materials, both NiAl and NiAlTiB2, are characterized by compact although relatively diversified structure,
especially intragranular, with a negligible amount of pores. In
composite materials with 4 and 7 vol% TiB2, areas of the size of
less than 10 μm were observed at grain boundaries; their presence was not detected in the matrix material. The uniformity of
distribution of these areas (particles) in the matrix was satisfactory, contrary to the uniformity of distribution of other phases
occurring in the NiAl and NiAlTiB2 systems.
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a)

b)

c)

d)

Fig. 2. LM micrograph of NiAl/Ni3Al matrix composite with TiB2 content of: a, b) 4 vol% at two different magnifications and c, d) 7 vol% at
two different magnifications, Nomarski contrast

Similar analogies were derived from the studies carried out
by scanning electron microscopy. Figure 3 shows the microstructure and distribution of various phases, including TiB2 particles.
The analysis of selected areas of the microstructure is shown

a)

in Figure 4. Individual grains are composed of areas where in
the dark background (aluminium content of about 40 at% corresponding to the NiAl phase) are embedded in a non-uniform
manner (forming sometimes an „acicular” pattern) light-colour

b)

Fig. 3. Microstructure and corresponding distribution maps of elements such as Ni, Al, Ti, in NiAl/Ni3Al + 4 vol% TiB2 composite at two different magnifications a) and b), BSE, SEM
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Fig. 4. Analysis of selected areas of the microstructure in NiAl/Ni3Al + 7 vol% TiB2 composite (BSE), area 1 – microstructure area at a magnification, SEI, SEM

areas containing aluminium in an amount of about 23 at%, which
corresponds to the Ni3Al phase. Additionally, at grain boundaries, areas rich in titanium, or in titanium and boron have been
identified. Their size corresponds to the size of the grains of TiB2
powder (2-10 μm) introduced into the matrix. These sinters are
characterized by low porosity observed in different composites

(Figs. 2-4). No significant differences resulting from the added
TiB2 were observed.
Figure 5 shows the results of the XRD phase analysis of
composite with 4 vol% TiB2 (a) and 7 vol% TiB2 (b). The analysis has revealed in the fabricated materials the presence of the
following phases: NiAl, Ni3Al and TiB2.
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The results of studies of the physical properties (density
and Young’s modulus) are shown in Figure 6a. The density of
the manufactured composites depends largely on the amount of
the introduced ceramic particles of TiB2. This is due to the lower
density of the ceramic particles (4.52 g/cm3 [38]) as compared
to the density of the intermetallic phases of NiAl (5.86 g/cm3
[1]) and Ni3Al (7.5 g/cm3). Consequently, the density of the
manufactured composites was decreasing in proportion to the
amount of the introduced particles (4 and 7 vol%), assuming
the values of 6.55 g/cm3 and 6.27 g/cm3, respectively, while the
density of the two-phase NiAl/Ni3Al material was 6.61 g/cm3.
The values of Young’s modulus increased slightly in individual
composites with the increasing amount of TiB2 introduced to
the matrix, but in spite of this, the final result was considered
unsatisfactory. To some extent it was also due to the low Young’s
modulus of the matrix. Failure to obtain satisfactory results was
even more evident, when Young’s modulus values obtained in
the sintered Ni3Al/NiAl system were compared with analogical values obtained for the NiAl and Ni3Al phases separately
(188 GPa and 168 GPa, respectively) [39-41], and when it was
additionally stated that in [17] the increasing content of TiB2
resulted in a considerable increase of this parameter.
The results of hardness (HV1) measurements are shown
in Figure 6b. Hardness was observed to increase depending on
the addition of TiB2. The average value was 445 HV1 for the
matrix, for the composite with 4 vol% TiB2 it was 500 HV1 and

a)

540 HV1 for the composite with 7 vol% TiB2. Despite the large
scatter of the measured values observed sometimes and resulting from the highly diversified structure (two-phase matrix and
ceramic particles), differences in the results of the hardness HV1
measurements are significant. The effect of structure variations
on the properties has already been described in [31 and 32].
The results of abrasive wear resistance tests carried out
by the ball-on-disc method are shown in Figure 7. Adding 4
vol% of the TiB2 ceramic particles raised the values of the friction coefficient compared with the values obtained for the sole
matrix. A similar relationship was found and proved in [37].
Higher amount of the added TiB2 (7 vol%) was found to reduce
the coefficient of friction compared to the 4 vol% addition. This
is reflected in the values of the wear rate and in the respective
size of furrows. Composites with higher coefficient of friction
showed lower wear rate as documented by the smaller depth and
width of furrows. Similar values of the specific wear rate were
obtained when this parameter was calculated from the relationship proposed by Ozdemir [35]. The difference in the results
was insignificant and the wear rate was lower by 4.25-6.3%.
The difference is strictly related with the wear rate of a given
material. The higher is the wear rate, the larger is the difference
in the results. Some attention also deserves the irregular character
of the friction coefficient curves plotted in relation to time. The
source of these irregularities should be sought in the complex
and uneven structure of materials tested.

b)

Fig. 5. The results of XRD phase analysis of the composite with TiB2 content of: a) 4 vol%, and b) 7 vol%

a)

b)

Fig. 6. The results of: a) Young’s modulus and density, and b) Vickers hardness of the NiAl/Ni3Al matrix with various TiB2 content
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a)

b)

c)
Fig. 7. The results of tibological tests: a) friction coefficient vs time, b) specific wear rate dependence on TiB2 content, c) furrow depth vs time

Interesting information can be drawn from the furrow
depth vs time chart (Fig. 7c). The matrix shows a relatively
even wear over the whole test duration (10000 s). In composites,
a similar mechanism of wear, i.e. the formation of furrows, was
observed. After a certain lapse of time (about 5000 seconds for
both composites), the wear rate was stabilized, which means
that the material showed no wear any longer. Probably it was
caused by the material strengthening effect, which might be
due to the seizure of particles detached previously (Figs. 9,10),
although composite with 7 vol% content of the reinforcing
particles showed some symptoms of stability as early as during
500-2000 seconds.

a)

From the above it can be concluded that in the tested materials, it is the coefficient of friction that mainly controls the wear
rate. The NiAl/Ni3Al alloy shows the highest rate of wear (the
lowest coefficient of friction in the range of 0.45-0.50), while
the same alloy with 4 vol% TiB2 shows the lowest rate of wear
(the highest coefficient of friction in the range of 0.50-0.55).
It seems that the addition of 7 vol% TiB2 introduces too many
reinforcing particles to the composite matrix. The high content
of this addition pushes the reinforcing particles to the area of
grain boundaries, where the excessive amount of these particles
often results in their non-uniform distribution. Although in this
particular case, large concentrations of the reinforcing particles

b)

Fig. 8. Surface microstructure after ball-on-disc friction test of NiAl/Ni3Al matrix at two different magnifications a) BSE and b) SEI, SEM
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a)

b)

Fig. 9. Surface microstructure after ball-on-disc friction test of NiAl/Ni3Al + 4 vol% TiB2 composite at two different magnifications a) BSE and
b) SEI, SEM

a)

b)

Fig. 10. Surface microstructure after ball-on-disc friction test of NiAl/Ni3Al + 7 vol% TiB2 composite at two different magnifications a) BSE
and b) SEI, SEM

were not observed, and their relatively even distribution at grain
boundaries was reported, it can not be ruled out that the situation
might be different in, for example, the sample cross-section. In
any case, the uniformity of distribution was definitely much
better in the composite with 4 vol% TiB2. In the composite with
7 vol% TiB2, the reinforcing particles were observed to contact
each other (Figs. 2d and 4) – the effect which did not occur in the
case of the 4 vol% addition of TiB2, and most probably this effect
was responsible for higher wear in the composite with 7 vol%
addition of TiB2. The reason should be sought in too large differences between the size of the Ni79Al21 grains (45-150 μm) and
TiB2 particulate (2-10 μm). The result is the limited number of
“unoccupied” sites at the matrix boundary, where the reinforcement particles could be embedded. Therefore, further studies in
this field will focus on the use of smaller particles of the NiAl
powder added to the composite, or on searches for the optimal
size of the reinforcing particles introduced to the matrix.
Examinations of the surfaces exposed to the effect of abrasion have indicated an abrasive-friction nature of wear. Figures
8-10 show these surfaces with the characteristic points of wear.
Well visible is plastic deformation and cracks. The EDS analysis

has confirmed the effect of oxidation taking place on the surfaces
exposed to friction. The oxides formed are probably those of
NiO and Al2O3. This indicates that one of the wear mechanisms
is the abrasive wear that arises in the area of friction due to the
oxidation of wear products. Cracks observed in the tracks of
wear are probably the result of the presence of hard oxides and
their inherent brittleness (Fig. 9b). The results of the evaluation
of the volume of material removed in the ball-on-disc test correspond to the results of measurements of the width of the wear
tracks made during the examinations conducted by optical and
scanning electron microscopy.

4.Conclusions
The applied production parameters T = 1504°C and
P = 7.5 GPa allowed obtaining compact though structurally
diverse material. This has a significant impact on the scatter of
properties not only within the material itself but also within its
individual grains. The observed effect is the result of a two-phase
structure of the NiAl/Ni3Al matrix. In spite of this, the High
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Pressure-High Temperature method appears to be a tool quite
effective in the manufacture of intermetallic phases included in
the Ni-Al system and composites with the matrix based on these
phases. The introduction of 4 and 7 vol% TiB2 addition to the
two-phase matrix was observed to raise the composite strength
and tribological properties. The composite with 7 vol% TiB2 was
characterized by higher hardness but also higher wear rate compared to the composite with 4 vol% TiB2. It was also characterized by a lower value of the Young’s modulus. The density of the
composites was decreasing in proportion to the addition of TiB2.
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