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Abstract: To improve the mechanical properties (friction coefficient and mechanical wear) of sintered
Ni-Ti alloy, Si or Al,Os particles (10 wt.%) were added. Before sintering at different temperatures, the
nano powders were prepared by mechanical alloying. After milling, the nanocomposite powders were
investigated by X-ray diffraction and transmission electron microscopy. The resulting nanocomposite
powders were cold-pressed at 500 MPa and sintered for 3 h at 1050, 1100, and 1200°C. The
microstructure of sintered samples was examined by scanning electron microscopy. The effect of
sintering temperature on tribology and wettability of sintered 50Ni50Ti, 45Ni45Til0Si, and
45Ni45Til0AlL,O; composites was examined using suitable testing techniques. The results
demonstrated that the milled powders are homogeneous in morphology and size. Also, Si and Al.Os
reinforcements are uniformly distributed in the NiTi-matrix, and the particle sizes were decreased after
milling and reached 21, 27, and 104 nm, for 50Ni50Ti, 45Ni45Ti10Si, and 45Ni45Ti10Al,O3
nanocomposites, respectively. The mechanical properties improved with the addition of reinforcements
and an increase in the sintering temperature. For the composite 45Ni45Ti10Al.Os, the wear rate and
friction coefficient were reached 11x10-6mm?%Nm and 0.17, respectively. Furthermore, the surface
energy and wettability of sintered composites were increased with increasing sintering temperature and
after the addition of Si or Al;,Os.

Keywords: Ni-Ti nano material; Si and Al:Os reinforcements; powder metallurgy; sintering;
microstructure; mechanical properties.
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1. Introduction

Nowadays, metal-matrix composites (MMCs) have received considerable attention due
to their excellent properties, such as high hardness, high strength, high elastic modulus, high
stiffness, elevated wear resistance, and a low thermal expansion coefficient. Consequently, they
can be applied extensively across several industrial applications, including defense, automotive
brake rotors, aerospace, spot welding, high-performance switches, electrical contacts, and
internal combustion engines [1-3]. Two approaches have been utilized to produce metal-matrix
nanocomposites. In the first approach, the reinforcement particles are in situ formed in the
matrix through chemical reactions or phase transformations [4-6]. On the other hand, the
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second approach relies on the dispersion of reinforcements within the matrix via mechanical
blending (in liquid or solid form) or by selectively fracturing secondary particles using
mechanical methods [7-9]. Mechanical alloying (MA) is a highly effective technique for
synthesizing nanoparticles by repeatedly welding, fracturing, and re-welding powder particles.
The starting materials must include at least one ductile metal as a host to retain the other
components. During mechanical activation of powders, they weld together and, consequently,
new, different composites form. Composite powders are produced totally if the welding and
fracturing stages are repeated [10, 11]. Furthermore, MA is useful for preparing composites
that are difficult to produce by the traditional melt-cast method [12]. Furthermore, the
distribution of reinforcement particles in micro- and nano-composites is effectively enhanced
by MA [1, 13-16]. To investigate the evolution of MMCs, NiTi was chosen as a model metal
matrix system in the present work. It is well known that Ni, Ti, and their alloys have a great
interest for wide applications owing to their excellent properties. Particularly, Ni and Ti alloy
products prepared by powder metallurgy exhibit enhanced properties over those prepared by
the conventional cast and wrought alloy products. Additionally, Ni-based alloys, particularly
in superalloy form, demonstrate their effectiveness in challenging environments [17]. Recently,
the reinforcement of Ni and Ti and their alloys with ceramics (e.g., AI203) or metals (e.g., Si)
has attracted increasing interest. Al,Os ceramic has been widely used in contact with metals
for applications such as joining, sealing, and metal matrix composites. Since metal/Al>O3
composites possess high bond strength and excellent properties, they are desirable in many
applications [18, 19]. The present work focuses on the preparation of 50Ni-50Ti, 45Ni-45Ti-
10Si, and 45Ni-45Ti-10Al,03 nanocomposite powders by mechanical alloying. Moreover, the
effects of sintering temperature and the addition of Si or alumina on sinterability and
mechanical properties (i.e., wear and friction) were investigated to obtain composites with
appropriate mechanical properties useful for many industrial sectors and compatible with
commercial standards.

2. Materials and Methods

In this work, ultra-pure Ti, Ni, Si, and Al.O3 powders were provided by Dop Organic
Chemical Ind Ltd, Turkey. The purity, particle size, and particle shape of these powders are
illustrated in Table 1 as provided by the supplier. Three alloy/composite batches were designed
using the aforementioned materials; these were 50Ni-50Ti, 45Ni-45Ti-10Si, and 45Ni-45Ti-
10AIl203 in mass percentages. The designed symbols of these composites were A, B, and C,
respectively. Nano powders were synthesized by milling the powder mixtures for 10 h in a
planetary ball mill (model SFM-1 Desk-Top). The milling conditions were a ball-to-powder
mass ratio (BPR) of 20:1, a ball diameter of 10 mm, and a rotation speed of 450 rpm. Stearic
acid (0.1 wt%) was added as a process control agent to suppress excessive welding in the
milling vial. To minimize sample overheating, the milling process was conducted with 2 h rest
intervals every 2 h. The phase composition of the milled nanoparticles was qualitatively
analyzed by X-ray diffraction (XRD) using a Philips PW 137 diffractometer with Ni-filtered
Cu Ka radiation. The morphology and particle size were examined by transmission electron
microscopy (TEM) using a JEOL JEM-1230 instrument. The milled powders were
subsequently consolidated into 8 mm diameter by 4 mm length pellets using a hydraulic press.
(Matest, CO55D Digitec with maximum load 2000 kN) at 500 MPa. The pressed specimens
were sintered in argon atmosphere (with oxygen impurities) at 1050, 1100, and 1200°C for 3 h
with a heating rate of 10°C/min. The microstructure of some sintered samples was investigated
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by scanning electron microscopy (SEM) “type Philips XL30"”. The mechanical wearing
measurements (wear and friction coefficient) of sintered specimens were determined in an air
atmosphere at room temperature with humidity of 35-40% using an oscillating ball-on-disk
type tribometer wear tester. The wear measurements were performed according to the ASTM
G-133-10 standard test method (linearly reciprocating ball-on-flat sliding wear). In this test, an
alumina (Al203) ball with a 6 mm diameter is moving with a mean sliding speed of 2 mm/s and
a normal load of 2 N. During the wear measurements, the friction coefficient was continuously
measured by using a force sensor. The oscillating ball on-disk type tribometer wear tester is
accredited according to ISO/IEC 17025:2005 requirements. Water contact angle measurement
was used to determine the hydrophilicity of the treated surface at room temperature using a
Phoenix 300 (Contact Angle Analyzer manufactured by S.E.O Co. Ltd.). The Phoenix 300 used
a precision camera and advanced PC technology to capture the static droplet image and
calculate the contact angle using the Sessile Drop method.

Table 1. Purity, particle size, and particle shape of starting powders.

Metal powder | Purity (%) Mesh size (Mesh) | Particle size (um) | Particle shape
Ni 99.9 100-200 50 Spherical
Ti 99.8 100-200 20 Flake
Si 99.9 100-200 20 Spherical
Al203 99.8 100-200 20 Spherical

3. Results and Discussion

3.1. Phase composition of milled powders.

It is worth mentioning that the original Ni and Si metal powders have cubic crystal
structures, while Ti has a hexagonal close-packed structure [20-22]. On the other hand, a-Al>03
powder has a rhombohedral crystal structure [23,24]. XRD patterns of milled 50Ni-50Ti, 45Ni-
45Ti-10Si, and 45Ni-45Ti-10Al>03 nano powder-mixtures milled for 10 h are shown in Figure
1. In these patterns, all peaks of Ni. Ti, Si, and Al>Os also appeared in the patterns without
formation of intermetallic phases [23, 24]. It is also indicated that there is an obvious shift in
the position of the peaks. The dissolution of atoms related to minor matrix alloying elements
or Al>Og particles in the lattice during high-energy ball milling is the reason for this measurable
shift. Furthermore, most of the peaks are broad and low in intensity owing to the refinement of
the crystallite size and the enhancement of lattice strain [25]. The peak intensities of both Ni
and Ti decrease after the addition of either Si or Al2Os. This is due to particle refinement.
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Figure 1. XRD patterns of powder mixtures (A, B, C) milled for 10 h.
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3.2. Particle sizes and morphology of milled powders.

It is well known that, during mechanical milling, ductile metal particles deform while
brittle ceramic particles fragment. After milling, the metal particles wet and coat the surfaces
of the ceramic particles. Figure 2 shows TEM images of milled 50Ni-50Ti, 45Ni-45Ti-10Si,
and 45Ni-45Ti-10Al,03 nano powder-mixtures milled for 10 h. The figure shows that the
particle sizes of the powder mixtures decrease after milling, compared to the original sizes of
the supplied powders. The particle size of 50Ni-50Ti powder is remarkably decreased and
reached about 85-350 nm after milling for 10 h. After adding Si and Al203 and milling for 10
h, the particle sizes were 104 and 28 nm, respectively. Good homogeneity in particle
morphology and particle size appears after milling for 10 h. 50Ti-50Ni milled powder exhibits
tough particle shape, while the powder mixtures 45Ni-45Ti-10Si and 45Ni-45Ti-10Al203
exhibit spherical particles. Plastic deformation, cold-welding, and fracture are the core steps
that happen through mechanical milling and are responsible for particle morphology. The cold-
welding of ductile metals causes an increase in the particle size, while the fracture tends to
reduce the particle size [26]. As shown in Figure 2, the particles are agglomerated and welded,
forming coarse particles in the 50NI-50Ti powder. After the addition of Si or alumina, particle
sizes decrease and tend to form spherical particles. During the early stages of milling, ductile
particles primarily experience plastic deformation, whereas brittle particles tend to fracture.
Then, at the moment of ball collision, the ductile particles start to weld together, while brittle
particles fit in between them. The starting powders are continually intermixed, leading to a
homogeneous material with a uniform second-phase dispersion owing to the higher ball-mill
velocity and particle collisions, which enhance powder refinement through deformation,
welding, and fracturing. Since Al>Os particles have higher hardness, they can also be used as
milling media, which helps decrease particle size [27]. When welding and fracturing are
repeated and reach a maximum (at equilibrium), a large number of new particle surfaces is
created; no change occurs [27].

3.3. Phase composition and physical properties of sintered bodies.

It has been reported elsewhere [28] that the bodies (A, B, and C) sintered at different
temperatures (i.e., at 1050, 1100, and 1200°C) were composed of different phases. For batch
A (50Ni-50Ti) sintered at 1050°C, it is composed mainly of rutile and NiTi alloy with a small
amount of unreacted Ni and Ti. At 1050°C, Ti is oxidized into rutile since it is a sensitive
material for oxygen at high temperatures. During the penetration of oxygen, rutile is first
formed on the outer layers, then inside the material. The presence of such oxide can enhance
the mechanical performance of the composite [27]. When the temperature was increased to
1100°C, the amount of rutile was decreased while the quantities of Ni and Ti were increased,
in addition to the presence of a small amount of Ni-Ti alloy and NiO. At 1100°C, the oxidation
of Ti was low, so the amount of rutile was small too; at this temperature, the amounts of Ni and
Ni were larger. It might be unreacted Ni or decomposed from the Ni-Ti alloy. At 1200°C, the
quantities of formed phases were reduced, and the material seemed amorphous. Regarding the
batch B (45Ni-45Ti-10Si) and C (45Ni-45Ti-10Al203), most of the phases were similar to those
formed in the composite A, with the appearance of peaks for the phases of Si, Ti.Si, NiTiSi,
and Al20O:s.
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Figure 2. TEM images of powders (A, B, C) milled for 10 h.

Regarding the bulk density, relative density, and apparent porosity of A, B, and C
composites sintered at 1050, 1100, and 1200°C for 3 h, it has been reported that the bulk density
and relative density of sintered A, B, and C composites were increased with the firing
temperature. Also, their values increased after the addition of silicon, decreased slightly after
the addition of alumina, and remained higher than those of the NiTi alloy without additives
(batch A). In all cases, the trends of apparent porosity were opposite to those of density. The
maximum relative density was 91.2% and the minimum apparent porosity was 7.97%; both
were obtained for composite B (45NI-45Ti-10Si).

The increase in relative density and the reduction in apparent porosity of sintered
composites with rising sintering temperature are related to the higher diffusion rate and thermal
activation of the grains, which lead to grain-grain interaction and the formation of surface-
contacted grains [28,29]. Furthermore, some locked pores and grain growth are observed,
leading to a homogeneous, dense microstructure [30,31]. On the other hand, the addition of Si
and Al20s, as well as the preparation of nano-scale starting powders, enhances the physical
properties. The preparation of starting powders at the nanoscale increases surface area and
consequently improves the physical and mechanical properties of sintered composites
compared to those prepared from micro-sized powders [4]. Moreover, the addition of Si and
Al>O3 as reinforcement particles has a direct effect on diffusion and contact between Ni-Ti
matrix particles, contact-surface growth, the formation of closed pores, and grain growth.
Therefore, the presence of Si or Al203 enhances the physical properties of sintered composites
[30-31].

3.4. Microstructure sintered composites.

Figure 3 shows SEM images (different magnifications) of A, B, and C composites
sintered for 3 h at 1200°C in an argon atmosphere. It is well known that the arrangement of
particles and grains in microstructure begins during the pressing of starting powders owing to
the mechanical interlocking of the particles [32] in the presence of higher grain boundaries.
After sintering, new phases might be formed, grain-grain interaction or diffusion, close or open
pore formation, and grain growth or grain reduction. As shown in Figure 3, a homogeneous,
denser microstructure is observed, and the reinforcements are distributed homogeneously in
the matrix. Some edge-plate-like grains are detected in the composite B (45Ni-45Ti-10Si);
these grains seem to be related to silicon. These grains are interlocked in the matrix and close
the pores. It is well known that the morphology of silicon (Si) grains in materials such as cast
alloys and thin films can vary widely, including columnar, equiaxed, and plate-like structures.
The shape and size of these grains are influenced by factors such as growth rate, temperature
gradients, and the presence of impurities or grain refiners. Understanding these factors is
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crucial for controlling the properties of materials, particularly in applications like
semiconductors and metal alloys. The grain size of Si is larger than that of both the NiTi alloy
and Al20s. The composites that contain Si and Al2O3 (B and C) exhibit lower porosity than

XS,e00 Spm O00006

(A) (B) ©
Figure 3. SEM images (different magnifications) of (A, B, C) composites sintered at 1200°C for 3h.

3.5. Wear and friction measurements of sintered composites.

The mechanical properties are typically influenced by the types of phases (matrix and
reinforcement), porosity, grain refinement, and the uniformity of both the matrix and
reinforcement [33, 34]. Namely, the improvement in mechanical properties can be explained
as follows: first, the starting nanoscale powders facilitate the formation of sintered composites
with fine grains and lower porosity after sintering at a suitable temperature [35, 36]. Secondly,
the addition of reinforcements like Si or Al,O3 (hard ceramic particulate) can improve the
mechanical properties. Si is an interesting alloying element for Ni-Ti (hard structures form)
that increases the dislocation density of the Ni-Ti matrix, thereby enhancing the mechanical
properties of the composite. On the other hand, alumina is a hard ceramic particle that can close
pores and refine grains, as seen in the microstructure; in both cases, hard structures form after
sintering [37-39].

Table 2 represents the values of wear rate and friction coefficient of A, B, and C
composites sintered at different temperatures. The wear rate is the volume loss per unit meter
per unit load (m3/Nm). It is clear from Table 2 that the wear rate decreases for all composites
with increasing sintering temperature and addition of Si or Al2Os. The decrease in wear rate
with increasing sintering temperature is due to the formation of compact microstructures with
lower porosity and higher density. Furthermore, the addition of Si and Al>Oz leads to a further
decrease in porosity with the formation of hard phases in the case of composites B and C. The
minimum wear rate (11x10® mm3/Nm) is obtained for the composite C, which contains
alumina and is sintered at 1200°C. The existence/formation of hard ceramic or alloy phases
leads to the enhancement of the load-bearing capacity of the composites. Also, these hard
phases can form a more stable/resistant lubricating film on the tribolayer contact-surface of the
composites. The formed hard tribolayer film reduces the amount of shear stress transmitted to
the sliding material beneath the sliding contact area, leading to fewer plastic deformations in
the subsurface region and lower wear rates in the composites. On the other hand, batch A
https://materials.international/ 6 of 11
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suffers heavy plastic deformation on the surface, which causes a higher wear rate of the alloy.
From Table 2, it is also indicated that the friction coefficient decreases with increasing sintering
temperature and addition of Si or Al,0s. The composite C, which contains alumina and is
sintered at 1200°C, exhibits the best wear resistance (Wear rate =11x10-6 mm?3/Nm and friction
coefficient 0.17). The presence of hard ceramic particles or the formation of a hard phase can
transform the load on the composite and sliding surfaces, acting as solid lubricants, and then
decrease the friction coefficient. Compared to the commercial materials, NiTi reinforced with
Si or Al2O3 is very competitive. For example, compared with high-toughness SUS630 and
CrMn white cast iron, NiTi alloy exhibits lower erosion wear loss and significantly greater
resistance to erosion wear than 304 stainless steel [40-42].

Table 2. Friction coefficient and wear rates of A, B, and C composites sintered at different temperatures.

Composite Sintering Temp, °C | Friction Coefficient Wear Rate (x10° mm3/Nm)
1050 0.75+0.2 41+1
A 1100 0.72+0.2 33+1
1200 0.65+0.2 31+1
1050 0.50+0.2 27+1
B 1100 0.43+0.2 21+1
1200 0.38+0.2 19+1
1050 0.30+0.2 20+1
C 1100 0.21+0.2 18+1
1200 0.17+0.2 11+1

3.6. Wetting behavior and water contact angle of sintered composites.

Ni-Ti alloy and its composites reinforced with ceramics or metals are widely used as
biocompatible materials; therefore, the wetting behavior of these materials is of great
importance in biomedical applications. Testing surface activity is the best way to evaluate
surface quality in a wetting environment. One of the most important parameters affecting the
wetting behavior of composites is the estimation of surface free energy [43]. The wettability of
the prepared A, B, and C composites is evaluated using contact angle measurement. Decreasing
the contact angle increases wettability and surface energy, while increasing the contact angle
decreases wettability and surface energy [44]. Figures 4 and 5 show the water contact angles
and surface energies, respectively, of the prepared A, B, and C composites sintered at different
temperatures. The figures show that the contact angles of all composites are less than 90°,
indicating a hydrophilic surface for all samples. The contact angle decreases with both
increasing sintering temperature and the addition of Si or Al.O3. The contact angle decreases
from nearly 82° for the composite A sintered at 1200°C to 41° for the composite C sintered at
the same temperature.
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Figure 4. Surface energy of A, B, and C composites sintered at 1050, 1100, and 1200°C.
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These hydrophilic surfaces with higher wettability are suitable for adhesion, spreading,
and cell growth [45]. As shown in Fig.4, the surface energy of A, B, and C composites increases
as the sintering temperature and addition of Si or Al2Os. It reaches 63 mN/m for the composite
C sintered at 1200°C. Increasing the sintering temperature and adding Si or AI203 leads to the
formation of harder phases, which enhance surface strengthening and, consequently, increase
surface energy.
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Figure 5. Contact angle of A, B, and C composites sintered at 1050, 1100, and 1200°C.
4. Conclusions

In this work, we succeeded in preparing 50Ti-50Ni, 45Ti-45Ni-10Si, and 45Ti-45Ni-
10AIl203 nano powders through the mechanical alloying method. Moreover, the prepared
nanopoders were successfully utilized in the production of sintered composites after sintering
at 1050, 1100, and 1200°C. The following are some concluding remarks of the work: after
preparing the proposed powders, the Si and Al,O3; reinforcements were homogeneously
dispersed within the NiTi matrix. Milling effectively reduced the particle size, resulting in
average dimensions of 21 nm for the 50Ni50Ti nanocomposite, 27 nm for the 45Ni45Ti10Si
nanocomposite, and 104 nm for the 45Ni45Ti10Al, O3 nanocomposite; increasing the sintering
temperature and incorporating Si and Al,O3; improved wettability and increased surface
energy. As a result, both the wear rate and the friction coefficient decreased; incorporating
reinforcements and increasing the sintering temperature improved the mechanical properties.
The best performance was obtained for the Al,Os-containing composite sintered at 1200°C
(45Ni45Ti10Al,05). For this composite, the wear rate and friction coefficient were 11 x 107¢
mm3/N-m and 0.17, respectively.
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