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Plain nickel and nickel composites containing either TaC or NbC powderswere granulated and sintered after con-
ventional mechanical pressing. The granulation parameters were studied using plain nickel powder to evaluate a
binder system consisting of paraffin diluted in hexane, but also the suitable size range of the granules obtained.
Carbide powderswere thenwetmixedwith nickel and the powdermixtureswere granulated using a drum. Flow
rate tests were performed and the granules were pressed into pellets, which were dewaxed and sintered. SEM
images of the microstructure of the sintered materials were obtained. Green and sintered densities along with
Brinell hardness were also evaluated. The results revealed that the concentration of 1.5 wt% of paraffin and gran-
ules sieved in the range between 500 and 90 μmcontributed towards the development of dense and uniformmi-
crostructures of the sintered composites. Finally, the addition of carbides homogeneously increased hardness to
nearly double that of plain nickel.
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1. Introduction

Powder granulation has been investigated for almost 70 years. Stud-
ies report the use of a variety of methods and equipment, including
drums [1–2] applied to different materials, ranging from minerals to
metallic powders of industrial interest [3]. Granulation has been exten-
sively used to improve the flow rate of powders aiming at improved die
feeding for mechanical pressing. High flow rates avoid defects such as
mass heterogeneities in the green parts. Consequently, granulation
yields homogenous density of pressed parts which results in dense
and homogenous sintered products [4] characterized by superior phys-
ical characteristics and mechanical properties [5]. Granulation is espe-
cially recommended for fine powders, which normally exhibit low
flow rates [6,7] and are difficult to handle and press using simple me-
chanical equipment. Defects originated from inappropriate die filling
cannot be easily removed by further processing. Therefore, granulation
is an important step to assure proper technological performance of
sintered parts.

Powder granules are produced from a suspension of solid particles
that agglomerate in a liquid phase [8–10]. The surface of the particles
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and the binding liquid must be of identical polarity [11–12]. The liquid
binds the particles together by a combination of capillary pressure, sur-
face tension, and viscous forces to a point where permanent solid brid-
ges are formed after evaporation of the solvent [13–14]. Two attractive
interparticle forces take place. Electrostatic forces are responsible for the
initial agglomeration, however, they do not significantly contribute to
the final strength of the granules, defined by van der Waals attraction,
whose magnitude is usually four times higher [15,16]. Powder granula-
tion is, in fact, an intricate process involving a number of simultaneous
physical phenomena: i) wetting, nucleation and binder distribution;
ii) consolidation and growth and iii) attrition and breakage [17–18]. A
minimum amount of binder is determined by both powder and binder
characteristics. Other important aspects of the process include binder
distribution in the powder volume and time required for binder spread-
ing [14]. The liquid-powder mixture is stirred to promote dispersion
and growth of the granules, which are formedby the collision and adhe-
sion of primary particles in discrete granules and/or growth around a
core where the particles collide and aggregate to form layers.

Granulation can be performed in a drum. This method is especially
useful to process small powder batches and to reduce production
costs [19]. A binder and its solvent are added to the powder mixture
and the batch is rotated in the drum. As the solvent evaporates, the par-
ticles coalesce in granules. The spreading efficiency of the binder solu-
tion is the main controlling feature of the process; however, binder
selection for a particular powder system is quite often empirical [20].
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Fig. 1. SEM images of (a) Ni, (b) TaC and (c) NbC powders.

Table 1
Composite powder compositions and identification.

N NT5 NT10 NT15 NN5 NN10 NN15 NTN2.5 NTN5 NTN7.5

TaC
(wt%) 0 5 10 15 0 0 0 2.5 5 7.5
(vol%) 0 3 6 10 0 0 0 2 3 5

NbC
(wt%) 0 0 0 0 5 10 15 2.5 5 7.5
(vol%) 0 0 0 0 6 11 17 3 6 9
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Final granule size distribution mainly depends on processing parame-
ters such as residence time of particles in the drum and rotation speed
[21].

Metal matrix composites (MMCs) can be manufactured by powder
metallurgy (PM). Sintered parts have gained growing attention and
achieved significant market expansion. An increasing number of
sintered metallic components with improved performance and
manufactured at low cost [22] has been successfully produced. PM in-
volves a small number of energy efficient processing steps and results
in near net shape parts with a wide variety of compositions and com-
plex geometric shapes [23]. The production ofMMCswith dispersed ce-
ramic particles can be easily achieved by powder metallurgy [24]. The
metallicmatrices provide plasticity, whereas the dispersed ceramic par-
ticles adjust several target properties, such as hardness, strength and
wear resistance. In addition, the porosity and pore size distribution of
the sintered parts can be adjusted to result in either dense components
or parts with porosity gradient, potentially expanding the number of
applications for these materials.

Nickel is of great interest for its vast use in engineering applications
that require some of its unique properties such as magnetism, strength,
corrosion and wear resistance at high temperatures. In the latter case,
improved properties can be achieved by adding dispersed hard particles
such as TaC and/or NbC into Ni powder and sintering to nearly full
density [25]. The main problem in the manufacture of composite parts
with fine reinforcing ceramic particles is their distribution in themicro-
structure of the sintered component [26]. In order to obtain homoge-
nous distributions, and therefore, little property variation along the
microstructure, fine powders are preferable; therefore, granulation of
the powder feedstock becomes important. In this scenario, the main
goal of this work was the study the granulation of Ni-TaC and Ni-NbC
powders to produce nickel-based sintered metal matrix composites by
conventional powder metallurgy.

2. Materials and methods

2.1. Materials

The materials used were carbonyl nickel powder (D50 = 6.00 μm
and ρth = 8.9 g/cm3) provided by Epson Atmix Corporation (Japan),
TaC (D50 = 2.18 μm and ρth = 13.9 g/cm3) and NbC powders (D50 =
2.26 μm and ρth = 6.3 g/cm3) supplied by H. C. Starck (Germany).
SEMmicrographs of the startingpowders can be seen in Fig. 1. Commer-
cially available paraffin lentils and hexane solvent were used to granu-
late the feedstocks.

2.2. Methods

The granulation parameters and the appropriate particle size range
of the granules were initially studied. Granulation of plain Ni was per-
formed using different contents of paraffin, i.e., 0.5, 1.0 and 1.5 wt%, di-
luted in hexane in ultrasound bath for 30 min in a sealed container.
Subsequently, 100 g of powder was added to the solution, which was
then transferred to a drum. The granulated powders were separated
using 500–90 μm and 850–180 μm sieves. The granules were then
pressed, sintered, and the density, microstructure and Brinell hardness
of the resulting sampleswere characterized. After defining the adequate
contents of paraffin and the adequate granule size distribution, different
concentrations of TaC or NbC powders (Table 1) were wet mixed with
Ni using ethanol and 200 g of steel spheres (diameter of 0.3 cm). Powder
batches of 150 g were mixed during 1 h. After drying in an oven at
~70 °C for about 2 h, the powders were granulated using 1.5 wt% paraf-
fin, and the granules were classified using 500 to 90 μm sieves.

Flow rate tests were carried out using the Hall funnel with orifice di-
ameter of 0.20 in., according to ASTM B213-13 [27]. The granulated
powders were pressed under 600 MPa in double-acting mode. To min-
imize the friction between die and green compacts, amide wax soaked



Fig. 2. Granules of fine Ni powder with (a) 0.5 wt%, (b) 1.0 wt% and (c) 1.5 wt% paraffin.

Table 2
Sintered density for different contents of paraffin and granule size range.

Concentration of
paraffin (wt%)

ρsintered (g/cm3)/porosity
850–180 μm

ρsintered (g/cm3)/porosity
500–90 μm

0.5 8.4/5.6% 8.5/4.5%
1.0 8.5/4.5% 8.5/4.5%
1.5 8.5/4.5% 8.6/3.4%
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with alcohol was applied on the walls of the 10 mm diameter die. The
geometric density of the green samples was measured using a decimal
digit micrometer and a digital scale. The pellets were sintered in a con-
ventional laboratory tube furnace. The heating rate from room temper-
ature to 500 °C was 3 °C/min. After remaining 30 min at 500 °C for
dewaxing, the samples were further heated at 8 °C/min up to the
sintering temperature of 1150 °C. The holding time at that temperature
was 1 h. A standard gas mixture of 95% Ar+ 5% H2 was used to prevent
oxidation.

Brinell hardness measurements and microstructural analyses were
carried out using samples mounted in bakelite and cut using a compos-
ite brass disc with diamond particles. The samples were polished with
SiC paper (80, 120, 240, 400, 600, and 1200 mesh) and finished with
1.0 and 0.3 μm alumina slurries. Finally, the samples were etched in
Marble solution and ultrasonically cleaned for about 5min. An Emcotest
set-up was used to measure the Brinell hardness of plain nickel and
composite sintered samples. The primary load applied was 306.56 N
during 5 s. Finally, SEM images of the microstructure were captured
using a JEOL JSM 6390LV scanning electron microscope.

3. Results and discussion

3.1. Granulation and sintering plain nickel

SEM images of Ni powder granulated using different contents of par-
affin are illustrated in Fig. 2. An analysis of the granules shown in the im-
ages, representative of the granulated powder, suggests that 1.5 wt% of
paraffin resulted in roughly homogeneous granule size distribution and
little fragmentation. Granules formed using either 0.5 or 1.0 wt% of par-
affin did not reveal adequate resistance to handling. Further processing
confirmed that they were susceptible to breakage into small fragments.
At lowbinder concentrations, powdermixtures are not completelywet-
ted by the solution, thus the production of large reliable granules with
improved physical and mechanical properties is inefficient [28]. An ad-
equate concentration of binder is required to form a liquid bridge be-
tween particles and high cohesive forces within the granules. These
processes are controlled by granule fracture mechanisms. Additionally,
high binder concentration increases the viscosity of the powdermixture
[29]. Therefore, for the powder system studied, 1.5 wt% of paraffin com-
bined with the viscosity of the binder resulted in adequate granule
growth, with reasonable strength and fracture resistance. The flow
rate is significantly lower for small granules, since the points of contact
increase per unit volume. In addition, small granules adhere to the larg-
er ones, resulting in irregularly shaped agglomerates [30], which affects
packing and green density. Wetting is critical in defining uniform nuclei
formation and, therefore, improved granule quality. Wide nuclei distri-
butions often result in equally wide granule size distributions [31].

Although the concentration of paraffin affected the resistance to
handling of the granules, it did not result in significant variation of the
density of the sintered samples (Table 2). The final density obtained
for samples containing 1.5 wt% of paraffin was 8.6 g/cm3 with 3.4%
porosity.

The microstructure of the sintered Ni samples granulated using dif-
ferent contents of paraffin is illustrated in Fig. 3. Although there is
only a slight difference in the total porosity, pore size decreased with
the increase in paraffin contents from 10 μm corresponding to 0.5 wt%
of paraffin to 4 μm for 1.0 wt% of paraffin, and finally 2.5 μm for
1.5 wt% of paraffin. Pores are mainly concentrated is the grain bound-
aries, which can result in intergranular fracture.

The granulated powder is initially compacted by elastic-plastic de-
formation of the particles. In this stage, the contact areas between the
particles are small and can be treated independently to a point where
the packing density reaches 80% to 90% [32]. The porosity present in
the sintered samples originates from granule packing flaws, especially
related to of non-uniform granule size or shape (Fig. 2a and b) and fric-
tional interactions that resulted in pressure gradients in the green
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Fig. 5. Green, sintered and theoretical density of composite samples.
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Fig. 4. Flow rate of granules with composite compositions.

Fig. 3. SEM images of plain Ni sintered samples granulated using (a) 0.5%, (b) 1.0% or (c)
1.5% paraffin.
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bodies [33]. Friction occurs both between the granules and the die wall
and between powder particles within the granules. At early compaction
stages, intergranular friction is dominant. At higher pressures, frictions
at the die wall become more important. In the microstructure of
sintered samples, residual primary pores between former powder parti-
cles could be observed as well as residual secondary pores between for-
mer granules.
3.2. Granulation and sintering composite compositions

The flow rate as a function of sample composition is shown in Fig. 4.
It generally ranged from 6.5 to 7.7 s/50 g. The presence of TaC decreased
the flow rate, whereas NbC increased it, as a result of the different den-
sities of the powders. The density of TaC is 13.9 g/cm3 whereas that of
NbC is 6.3 g/cm3. Denser granules flow easier. The difficulty encoun-
tered byNi-NbC granules to flow in theHall funnelwas visible, especial-
ly for compositions NTN7.5 and NN15, which contained relatively high
concentrations of NbC. In addition, the volume of powder in these sam-
ples was higher than that of the corresponding TaC compositions.
Hence, additional paraffinwould be necessary to provide better wetting
of the particles.

Limited flow rates of powders containing 15 wt% carbide particles
were noticed. This was a result of the large volume of powder to be
granulated, which implies in higher concentration of paraffin. Themax-
imum content of paraffin used in the scope of this work, i.e., 1.5 wt%,
was not enough to fully wet some of the powder mixtures, i.e., NT15,
NN15 and NTN7.5. Insufficient amount of paraffin increased the
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Fig. 7. Brinell hardness of plain Ni and Ni composites.

Table 3
Relative density of plain Ni and composite powders.

Composition
Green density
(%)

Sintered density
(%)

N 83 98
NT5 81 97
NT10 80 96
NT15 78 93
NN5 81 96
NN10 79 96
NN15 77 95
NTN2.5 81 96
NTN5 79 94
NTN7.5 78 92
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interparticle friction and created a physical barrier between the non-
granulated powder and the walls of the Hall funnel, preventing the
powder from flowing freely. Additionally, the increase in fines, along
with the presence of large granules increased interparticle attractive
forces, which decreased particle-particle separation, thus reducing the
flow rate. The interparticle forces that contribute to the cohesion of
fine particles mainly include van der Waals forces, electrostatic forces,
and capillary forces among other interfacial phenomena [34].

The green densities of the composite compositions are represented
in Fig. 5. They ranged from 6.7 to 7.4 g/cm3. TaC did not affect the
green density, unlike the addition of NbC,which considerably decreased
the density of the composite. This is due to the larger powder volume in
the composite and the low density of NbC compared to that of the com-
posite containing TaC and plain Ni. The volume of NbC in the powder
mixture was basically double that of TaC. The relative density of the
sintered samples can be seen in Table 3. There was a reduction in the
relative density of the composites compared to plain Ni, as well as
with the increase in the concentration of carbides. The lowest density
values were obtained for compositions NT15 and NTN7.5, correspond-
ing to the greater volume of carbides in the mixture, mainly NbC.

The density values of the sintered samples along with their theoret-
ical density can be seen in Fig. 5. Overall, the sintered density ranged
from 8.2 to 8.8 g/cm3. Many compositions depicted nearly the full den-
sity of plain Ni, i.e., 8.9 g/cm3. An example of a dense sintered micro-
structure is shown in Fig. 6, corresponding to the composite
containing 10 wt% TaC homogenously dispersed along the Ni matrix.

Finally, Brinell hardness values of sintered nickel and nickel compos-
ites are shown in Fig. 7. The values are typical of sintered Ni and Fe-Ni
alloys [35].With the addition of TaC andNbC, hardness roughly doubled
Fig. 6. SEM image of sintered NT10 sample.
compared to that of plain Ni. Increasing the concentration of carbides
also increased hardness.Moreover, an analysis of the standard deviation
revealed little dispersion, attributed to homogeneous distribution of the
carbides in the Ni matrix.

4. Conclusions

Ni and Ni composites with dispersed NbC or TaC particles were suc-
cessfully sintered after granulation of the powder mixtures. A binder
system consisting of paraffin (0.5 to 1.5 wt%) diluted in hexane was
studied. Tests carried out for plain Ni established that the appropriate
content of paraffin within the range investigated was 1.5 wt%. The
resulting granules were sieved in the range of 500 and 90 μm, and
displayed homogeneous size distribution and very little fragmentation.
Although the total porosity of sintered plain Ni (3.4%) was not consider-
ably affected by the concentration of paraffin used in the granulation,
the pore size decreased as the concentration of paraffin increased. The
pores were mainly observed in the grain boundaries of the Ni matrix.
Ni-NbC and Ni-TaC powdermixtureswere also granulated and sintered.
The flow rate of the granulated composite mixtures ranged from 6.5 to
7.7 s/50 g. Differences in density of the carbide powders affected the
flow rate of the composite. The addition of TaC decreased the flow
rate, contrary to what was observed for NbC. High contents of carbides
also reduced the flow rate, revealing that 1.5 wt% of paraffin was insuf-
ficient to wet large volumes of powder mixtures. Homogeneous com-
posite microstructures with adequate dispersion of carbide particles
could be obtained and depicted densities that ranged from 8.2 to
8.8 g/cm3, whereas that of Ni is 8.9 g/cm3. The addition of TaC and
NbC proportionally increased the hardness of the composites to roughly
double the hardness of plain Ni, with little variation along the surface of
test samples, confirming the homogenous dispersion of the reinforcing
carbide particles in the Ni matrix.
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