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Abstract

Powder metallurgy is used to obtain high strength and good toughness pistons as an application in aviation, space,
and parts. Carbon nanotube CNTs were used with reinforcement ratios of (0,5,10,15,20) wt. % to nickel base, and the
device used for piston is a hydraulic piston. The process was carried out at 5 tons for 3 min, and the pistons were
processed at variable temperatures of (900,950,1000,1050 °C) for 2 h. XRD of the composites was examined and it was
found that the dominant phase of nickel at Miller parameters (111), and of carbon nanotube at (002) with crystalline
stability with different sintering temperatures. As for the physical properties, the optimal reinforcement content was
found to be 20 wt. % at a sintering temperature of 1050 °C, as it yielded the highest density and lowest porosity,
Archimedes' method was used to calculate porosity and density. Which included the apparent density at (8.6 g/cm?), the
true density (8.75 g/cm®), the apparent porosity (10.5 %), the true porosity (15.5 %), and the water absorption (0.972 %).
This shows that the percentage of adding nano-carbon has a role in improving the structural and physical properties.
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1. Introduction

P owder technology is one of the leading tech-
nologies in materials science due to its ease of
manufacturing and complex shapes of parts and
others. This method became famous at the begin-
ning of the new century due to the need for it
compared to the simple methods known from
casting, because the casting method produces sam-
ples that require subsequent processes of cutting,
machining and polishing to reach the required
samples. Also, complex shapes cannot be produced
as is the case in powder metallurgy [1]. The powder
method has been able to combine materials with
different specifications in terms of strength, flexi-
bility, hardness and density [2]. For example, this
technology can be used to combine metals as base
materials and ceramics as reinforcement materials
or vice versa. The technology has developed to
include the processes of producing nanopowders in

the laboratory and then pressing them in this way,
which gives lower costs and higher durability to the
final products [3]. Many metal alloys suffer from
poor physical and mechanical properties in terms of
hardness and high flexibility, so they must be rein-
forced with ceramic or carbide materials, and even
materials mixed with both ceramic and carbide
powders, whether micro or nano in size [4].
Powder metallurgy is used to benefit from several
things, the most important of which is the possibility
of pressing different materials, not losing materials
significantly compared to the casting method,
obtaining complex shapes, and getting rid of po-
tential impurities during pressing [5]. The need for
powder metallurgy lies in its industrial application
in a large number of devices and equipment,
including the manufacture of aircraft bodies, inter-
nal combustion engines, the manufacture of car
bodies, a number of medical and industrial parts,
military missile launch bases and other various
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manufacturing processes [6]. All of the aforemen-
tioned applications require high strength in shock
resistance, high hardness and light weight, espe-
cially in space applications. As a result, other tech-
niques cannot be used that contradict the required
properties in addition to the beauty of the final
shape that this technology gives. The main thing on
which the use of this technology is based is eco-
nomic feasibility, as the cost of the powders used,
especially the micro powders, are low and easily
available in the markets, in addition to the possi-
bility of producing large quantities of compressed
materials according to the application and the mold
used [7]. Adding carbon nanotubes to a metal base
improves properties such as structural, physical and
mechanical properties. Nano carbon also has
strength, hardness and durability that prevent
nickel from having new, distinctive properties.

The methods of reinforcing metal materials have
become famous to include different metal powders,
ceramics or carbides. However, the most important
reinforcing materials used were nanomaterials,
which are of great importance in terms of
improving the properties in general, as they are
characterized by increasing the hardness and
resistance of the final presses by stabilizing the
metal grains and making the final surface smooth
and cohesive [8]. In addition, the nanoparticles
have the ability to reduce pores and homogeneity
at high speed with the metal base, and give a sur-
face that has the ability to withstand different
loading pressures, and resistance to corrosion and
friction represented by wear [9]. The nanomaterials
supported by metals helped in the possibility of
distributing crystal stresses during pressing, which
helps to get rid of irregular or random distribution,
which contributes to the distribution of energy
across the surface and improves the thermal sin-
tering processes of the presses. Metal materials
have developed to include the possibility of rein-
forcing them with nanomaterials with medical
biocompatibility to be used as a substitute for
bones or sharp medical cutting tools that are widely
used medically [10]. Therefore, the use of nano-
reinforced materials gives pistons that contribute to
improving their physical properties and chemical
stability and eliminating the need to change ma-
terials frequently [11].

The work in the article aims to improve the
structural properties in terms of the internal and
external structure of nickel or develop the me-
chanical resistance through different nano additions
of carbon tubes CNTs, which have promising ap-
plications in advanced engineering applications. In
addition to knowing the change of physical

properties through sintering processes and at vari-
able temperatures for presses.

2. Raw matertials

Nickel(Ni) was used as the matrix material of
American origin with a particle size of 45 pm, pu-
rity of 99.8 %, and density of 8.90 g/cm®. While
the reinforcement material was carbon nano-
tubes(CNTs) of German origin with a particle size of
(30 nm), purity of 99 %, and density was between
(1.3—1.4) g/em®.

3. Experimental side

The pressing process was carried out for nickel-
based metal powders reinforced with carbon nano-
tubes (CNTs) at ratios of (0.5, 10, 15, 20) wt. %. The
materials were initially dried to get rid of moisture
in the laboratory, and the nanopowders were mixed
on a nickel substrate using a mechanical mixing
method using a locally made micro mill containing
small steel balls to help increase the grinding and
mixing of the two materials. A pressing mold with a
diameter of 10 mm was used, where the specified
ratios were placed inside the mold and a pressing
pressure of 5 tons was applied for 3 min, noting that
the hydraulic press used is of the (SHOP PRESS)
type, which has safety standards, and is of Chinese
origin. The samples resulting from the piston have a
rather weak resistance and therefore need to be
strengthened by heat that should not exceed the
melting point of the base material. As a result, the
pistons were sintered by placing them inside
ceramic lids and completely covered with fine sand,
and the mouth of the lids was covered with re-
fractory clay in order to reduce oxidation as much as
possible, the sand used during sintering is regular
sand after it has been filtered and purified from
impurities. The pistons are placed inside a Korean-
made thermal oven of the Muffle type available in
the laboratory, and the oven timer is set at 900 °C so
that the temperature begins to rise gradually until
reaching the required temperature and is left for 2 h
at this temperature, then the pistons are turned off
and extracted the next morning. The sintering pro-
cesses were repeated for other temperatures, which
are (950, 1000, 1050) C at the same time for 2 h.
Different temperatures were used, but they should
not reach the melting point of nickel, which is
1455 °C. That is, 70—90 % of the melting point of the
base material was taken. The pistons resulting from
the sintering processes need modification in the
external structure in terms of cleaning and polishing
in a simple way to prepare them for various struc-
tural and mechanical tests. Fig. (1) shows the initial
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Fig. 1. Raw powders used (a-Ni, b-CNTs).

powders before mixing for both nickel and CNTs.
Fig. (2) shows the pressed samples of both the base
and reinforcement materials.

4. Theoritical side
4.1. XRD tests

X-ray diffraction was used to obtain information
about the materials used in the compressed mate-
rials, namely the type of materials, their crystal
system, and their phase structure. A Philips PW1730
device made in the Netherlands was used. Miller
coefficients were determined by matching the in-
ternational card of each material.

4.2. Physical properties tests

Physical properties are one of the basic features of
the presses, through which the best ratios can be
determined that can be used as a suitable application
for devices and equipment manufactured by powder
metallurgy. The true density represents a measure
for calculating the ratio between the mass of the
presses to the volumes of the open and closed
spaces, unlike the apparent density, which repre-
sents the mass of those presses divided by their

Fig. 2. Compressors made of nickel base and carbon nanotubes (CNTs)
reinforcement.

volume, which represents the closed spaces only
[12]. As for the true porosity, it included dividing the
total volume of the presses into the volume of the
open and closed pores, unlike the apparent porosity,
which represents the volume of the open pores only.
As for the water absorbency, it is the division of the
volume of any open pores within a single press to
the volume of the material as a whole. The process of
extracting the results of the physical properties was
carried out through the famous Archimedes test,
through which the presses can be weighed while
they are dry, so that the first weight represents Xj,
and after immersing those presses in water free of
impurities for a full day and then weighing them the
next day to represent the second weight X,, and then
suspending the dry sample in distilled water and
weighing it while suspended in water to represent
the third weight X;. All physical variables were
calculated using the relationships below [13—17].

Xq
DA_Xl—Xg,XDW (1)
Xq
DT—X2 X, X Dy (2)
XX ,
P,‘,_Xz_X3 % 100 % (3)
pr=""" 100 % (4)
ta
X, — X
Aw="2_"215100 % (5)

1

Where: Dj: apparent density (g/cmgz), Dw: water
density (g/cms), Dr: true density (g/cms), Pa:
apparent porosity (%), Pr: true porosity (%), t
theoretical density (g/cmj), t: practical density (g/
cmg), Aw: water absorption (%).
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5. Results and discussion at variable sintering

5.1. X-ray diffraction results of compressed

Fig. (3) shows the results of X-ray diffraction of (Ni-
%CNTs) composites at different thermal sintering
temperatures. We find that there is a high intensity
of the curves for nickel powder with carbon nano-
powder, which indicates the possibility of thermal
sintering to improve the composites. We find that at
the angle (20 = 26.1°) CNTs material appears with
Miller coefficients (002), which is a structure with a
hexagonal crystal system, and as it appeared at the
angle (26 = 42°) carbon with partial crystallization,
i.e. incomplete arrangement, and at Miller co-
efficients (110) [18]. As for the angle (20 = 44°), the
highest peak for the basic nickel appears with Miller
coefficients (111), which is at the FCC phase, fol-
lowed by the rest of the crystal curves that represent
nickel and indicate complete crystallization of the
grains at these peaks with a gradual increase in
temperature. We note from the results that at tem-
peratures between 900 °C and 950 °C, carbon nano-
tubes appear with the highest peak of nickel (111) but
the rest of the crystalline peaks of nickel do not
appear due to not reaching high crystallization de-
grees, i.e. higher temperatures are needed to reach
crystalline stability [19]. As for temperatures 1000 °C
and 1050 °C, the peaks gradually increase in height,
indicating an improvement in the crystalline system
and a clear increase in crystallization [20]. Nickel also
appears at peak (311) at a sintering temperature of
1000 °C, which shows the completion of the

crystallization process and the appearance of all
nickel phases more precisely after that. This is
attributed to the fact that at high temperatures we
obtain high crystal homogeneity with an increase in
the sharpness of the crystalline peaks, which in turn
indicates a complete improvement in the physical
properties, whether structural or mechanical [21,22].

5.2. Apparent density, true density, apparent porosity,
true porosity, and water absorption tests

Figs. (4—8) dealt with the apparent density, true
density, apparent porosity, apparent porosity, and
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Fig. 4. The relationship between the nano carbon content and the
apparent density at different sintering degrees.
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Fig. 3. XRD results of Ni- % CNTs composites upon variable sintering.
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Fig. 5. The relationship between the nano carbon content and the true
density at different sintering degrees.
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Fig. 6. The relationship between the nano carbon content and apparent
porosity at different sintering degrees.
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Fig. 7. The relationship between the nano carbon content and true
porosity at different sintering degrees.
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Fig. 8. The relationship between the nano carbon content and water
absorption at different sintering degrees.

water absorption of (Ni-%CNTs) pistons after ther-
mal sintering at variable temperatures (900, 950,
1000, 1050 °C). We find from Fig. (4) that the addition
of nano carbon increases the porosity percentage
and thus works to decrease the apparent density,
and this is attributed to the formation of carbide
phases that affect the pistons and increase the
interstitial spaces, which results in low densities [23].
As for Fig. (5), the true density behaves in a similar
form to what was obtained in the apparent density
due to its complete reliance on the sizes of the open
and closed voids and pores, and the dissolution of
carbon atoms within the nickel matrix leads to a
continuous expansion in the total lattice of the pis-
tons, which leads to a decrease in the true density.
Thermal sintering also helped homogenize the
compressed materials and prevented a further
decrease in density through the cohesion of the
grains of the base material and reinforcement [24].
As for Fig. (6), we find that the apparent porosity
increases significantly. This is due to the interaction
of carbon atoms with each addition with oxygen,
which leads to the disappearance of the real carbon
atoms, which leave a void or pores within the ma-
terial, and the apparent porosity increases continu-
ously [25]. As for Fig. (7), we find that the real
porosity follows the same increase that was shown in
the apparent porosity, and the reason is attributed to
the partial burning of carbon atoms within the alloy,
thus leaving pores and gaps that increase the total
closed and open pores. Also, the increase in pores
affects the obstruction of the cohesion and growth of
the crystalline grains, but thermal sintering
contributed to the increase in pores by the carbon
atoms losing their original positions significantly and
leaving gaps that enhance the increase in pores
within the alloy [26]. While we find in Fig. (8) we find
an increase in water absorption with each addition of
nano-carbon based on the height of pores and gaps,
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but the water absorption remains less than 1 %,
which gives composites with a vitrified crystalline
structure because the percentage obtained at 20 %
was (0.972 %) by thermal sintering at 1050 °C, which
is an encouraging result for obtaining composites
with a crystalline structure that possess good phys-
ical and mechanical properties. Thermal sintering
played an important role in enhancing the granular
cohesion between the materials, and the higher the
temperature, the more carbon spreads through the
composites and leads to convergence with the nickel
grains, which gives an alloy with distinctive prop-
erties. If it were not for thermal sintering, the num-
ber of pores and gaps would be large, which reduces
the properties of the resulting alloy based on nickel
[27,28]. Nanocarbon has a high capacity to form
pores within the alloy. This is due to its low carbon
density of 1.3 g/cm?®, which is negligible compared to
the nickel density of 8.90 g/cm®. Consequently, the
carbon will evaporate through the matrix, leaving
behind large pores and voids that increase com-
posite defects. However, the high sintering temper-
ature helps minimize the pores.

6. Conclusions

The successful compression process of nickel-
based metallic materials using carbon nanotube
nanomaterials provides encouraging results that
enable these composites to be used in suitable ap-
plications. We found that the addition of carbon
nanotubes significantly improves some structural
and physical properties, and the optimal addition
ratio is 20 % carbon nanotubes with thermal sin-
tering at 1050 °C for 2 h. Under these conditions, an
improvement in the outer surface of the composites
was observed, resulting in a smooth, cohesive
structure. The physical properties of density,
porosity, and water absorption showed similar
behavior at the same optimal ratio of high porosity
to density, which enables these composites to be
used in filters or a number of components. Other
testing methods, such as hardness, radial compres-
sive strength, and frictional wear, can also be used
to more accurately characterize composites.
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