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Abstract: 
 In this paper, it was aimed to improve the microstructure, mechanical and 

tribological properties of composite samples according to the alloy by adding 0.25%, 0.5% 

and 1% nano B4C to NiTi shape memory alloy. A 3D ball mixer device was used to prepare 

composite powders and the samples were produced by Spark Plasma Sintering technique. FE-

SEM/EDS and XRD were used for microstructure and phase characterization, 

nanoindentation to determine mechanical properties, and pin-on disc wear device to 

determine wear properties. It was determined that with the increase in the reinforcement ratio 

added to the NiTi alloy, nB4C ceramic particles settled at the grain boundaries and the 

hardness value of the 1% nB4C (334 HV) sample with the highest hardness increased 

significantly by 30% unreinforced NiTi alloy (264 HV). 

Keywords: Microstructure; Mechanical properties; Composites. 

 

 

 

1. Introduction 

 
 NiTi alloys are used in biomedical, automotive, space and aviation industries due to 

their unique properties such as shape memory and pseudoelasticity (PE). In addition, its 

superelastic property allows it to be separated from many different alloys. When these 

materials are subjected to a thermo-mechanical process, they are in the class of shape memory 

alloys because they keep their untreated state in their memory. The characteristic feature such 

as shape memory can be defined as deformation under external force at a specific temperature 

and return to its original shape after being heated to the transformation temperature. In this 

case, it is due to the thermoelastic transformation between the high temperature austenitic B2 

phase and the low temperature B19' martensite phases [1–4]. During the cooling of the NiTi 

alloy, the martensitic transformation starts at the temperature martensite start (Ms) and is 

completed at the temperature martensite finish (Mf). During the heating cycles, reverse 
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martensitic transformation takes place. This transformation ends with the austenite finish 

temperature, which begins to transform into the B2 phase. The two most important factors 

affecting phase transformation are stress and the Ni-Ti ratio [5,6]. It is known from the studies 

that the wear resistance of NiTi alloys is basically related to the PE property. In order to 

increase the wear resistance of this alloy, the matrix phase is transformed into martensite by 

applying a deformation to the material. Thus, the contact area between the surfaces increases 

and the stress ratio on the surface decreases, which leads to an increase in wear resistance. In 

addition, after the applied deformation process, a reverse phase transformation occurs. The 

deformation is fully or partially recovered, and the amount of strain stored in the matrix 

decreases [7–9] 

 The increase in wear resistance in metal matrix composites (MMC) is generally 

associated with hardness. It is known that ceramic particles reinforced into the matrix increase 

the hardness of the material by forming a composite [10]. The effects on wear resistance by 

adding ceramic reinforcements such as TiN [11], TiC[12], SiC[13], Al2O3[14], CNT [15] into 

NiTi alloys have been reported in previous studies. However, the number of nano-reinforced 

composite studies is limited. The nano size of the ceramic phase reinforced into the matrix 

phase increases the interaction of the particles with the dislocations and thus paves the way 

for the development of composites with higher mechanical properties than the particles added 

in micro size [16–18]. The most used methods for producing MMCs are casting and powder 

metallurgy processes. The reinforced ceramic particle is mixed into the liquid in the casting 

method. However, it has been reported in many publications that the reinforcement material 

cannot mix homogeneously in the liquid metal mixing process and agglomeration occurs [19–
21]. 

 In the powder metallurgy (PM) method, there are different processes to produce 

composites. The most important and known of these processes are hot pressing (HP) [22], 

cold isostatic pressing (CIP) [23], hot isostatic pressing (HIP) [24]and spark plasma sintering 

(SPS) [25] techniques. Especially in the SPS method, the harmony between the matrix and the 

ceramic reinforcement is provided very well. This is because the temperature rises to very 

high levels with the high electrical voltage formed between the contacting powder particles. 

Thus, excellent matrix-reinforcement interface compatibility is achieved [26] 

 This study aimed to produce composite samples by adding nano B4C (nB4C) ceramic 

reinforcement into NiTi shape memory alloy at different rates. The literature search found 

only one publication on producing B4C-reinforced composite material with NiTi matrix [2]. 

Our study focused on the effect of nano-ceramic reinforcement on the matrix by examining 

the microstructure and wear properties with composite fabrication using different 

reinforcement ratios. It is aimed to increase the hardness by decreasing the relative density of 

NiTi composite materials used in critical sectors such as aerospace and aerospace, as well as 

to improve their tribological properties and expand their use. 

 

 

2. Materials and Experimental Procedures 

2.1 Preparation of composite powders 

 
 Equiatomic and pre-alloyed NiTi powders as matrix materials were obtained from 

Nanoval Company. NiTi alloy powders used in experimental studies are spherical and 10 µm 

in size. nB4C 55 nm sized ceramic particles reinforced into NiTi matrix were used at 0.25, 0.5 

and 1 wt% ratios. Fig. 1 shows FE-SEM images of NiTi alloy powders and nB4C ceramic 

particles used as matrix phase. When the figure is examined, images of spherical NiTi alloy 

powders and complex shaped nB4C powders at different magnifications are seen. 
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Fig. 1. a) Equiatomic spherical NiTi powders, b) complex shaped nB4C powders. 

 

 The mixing process of matrix NiTi alloy and nB4C ceramic powders prepared in 

different ratios were carried out to produce composite powders in a 3D high-energy ball 

mixer. The mixing process parameters are given in Table I. 

 

Tab. I Mixing parameters of composite powders. 

Powder/Ball ratio 1/5 

Cycle (rpm) X axis: 500 Y axis: 200 

Duration (h) 4 

Ball type ZrO2  

Atmosphere Argon (Ar) 

 

FE-SEM images in which the nB4C ceramic particles are homogeneously dispersed on the 

surface without changing their spherical morphology in the NiTi matrix in the mixing process 

at different rates are given in Fig. 2. 

 

 
 

Fig. 2. FE-SEM images of mixed composite powders at different magnifications. 

 

2.2 Production of composite powders by SPS process 

 
 The production process of non-reinforced NiTi alloy and composites at 0.25, 0.5 and 

1 wt% nB4C ratios was carried out with the SPS process. SPS process parameters are given in 

Table II. The optimum temperature and pressure values were determined after the literature 

review and preliminary studies, and the production of composites and unreinforced NiTi alloy 

was carried out. 

nB4C
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Tab. II SPS process parameters for the production of NiTi/nB4C composites. 

Final processing temperature (°C) 900 

Heating rate (°C/min) 100 

Pressing pressure (MPa) Pre-Pressing: 5 Pressing: 35 

Duration (min.) 15 

Atmosphere Nitrogen (N2) 

 

2.3 Microstructure and mechanical analysis 

 
 The mesh produced by the SPS process. Standard sanding and polishing 

metallographic pre-treatments were applied for the microstructure investigations of 0.25, 0.5 

and 1 wt% nB4C reinforced NiTi matrix composites and the unreinforced NiTi alloy. Polished 

surfaces of samples vol. Etched with 5% HF, 15% HNO3 and ethyl alcohol. FE-SEM, EDS 

and mapping processes were carried out to analyze the microstructure of the prepared samples 

and the chemical composition of the phases formed in the matrix. XRD (Bruker D8 

ADVANCE) analyses were performed between 20 – 90° 2θ angles to determine the phases 
formed in the matrix of the composite samples after the sintering process and the composition 

of the phases. Brinell hardness measurements were taken according to ASTM E10-15 

standard to examine the mechanical properties of the composite samples for which XRD 

analyses were performed. 

 

2.4. Wear Tests 

 

 In order to analyses the wear properties of nB4C reinforced NiTi matrix composites, 

the microstructure and mechanical properties of which were examined, the pin-on disc wear 

method on the Anton Paar TRB3 device according to ASTM G99-05 standard was applied on 

the Al2O3 with a diameter of 6 mm at a speed of 0.19 mm/s, and exposed to a 20 N load at a 

distance of 1500 meters. has been left. The wear behaviour of the samples after the wear 

process was evaluated by determining the mass loss and taking the surface topography from 

the 3D Profilometer device (Filmetrics Profilm3D-200). During the processes carried out for 

the samples where wear tests were carried out, the ball's wear scar areas, width measurement 

and volume losses were evaluated using the ProfilmOnline software available on the 3D 

Profilometer device. Calculation of the specific wear rate was carried out according to Eq. 1.: 

 ω =  ( 𝑉(𝐿 𝑥 𝑁))               (1) 

 

where, V is wear volume, L is sliding distance and N is load. In addition, the worn surface 

imaging of all samples was made with FE-SEM and the properties formed on the surface after 

wear were determined. 

 

 

3. Results and Discussion 

3.1. Microstructure and phases characterization 

 
 Microstructure images obtained with B4C ceramic particle reinforcement in NiTi 

equiatomic alloy powders without reinforcement, reinforced at the rates of 0.25, 0.5 and 1% 

are given in Fig. 3. It has been determined that the reinforcement material in the alloy 

generally forms at grain boundaries and there is no change in grain sizes. 

 FE-SEM images of unreinforced NiTi alloy and nB4C-reinforced NiTi composites are 

given in Fig. 3. When the FE-SEM images are examined, it is seen that the grains are sintered 

in the neck regions of the composites without nB4C reinforcement.  
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Fig. 3. FE-SEM image of unreinforced and nB4C reinforced NiTi composites. 

 

When the FE-SEM images given according to the increasing reinforcement ratio in Fig. 3 

were analyzed, it was determined that the nano B4C particles settled around the grains because 

mixing in the ball mill prevented the formation of the neck region in the sintering region. It 

was determined that the dark regions increased between the grain boundaries, whereas the 

neck region formed at the grain boundaries decreased with the increasing reinforcement ratio. 

B4C particles were pressed onto the surface of NiTi particles by creep during compaction and 

heating in the SPS. It has been observed that the reason for this is that B4C particles with a 

melting temperature of 2350 C form a thermally stable barrier at the temperature of the NiTi 
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matrix grains sintered at 900 C during the SPS process. However, it cannot be said that the 

sintering has yet to be fully realized here. Namini et al. in their study on the production of Ti-

matrix B4C reinforced composites with spark plasma, they examined the effects of the B4C 

ratio on sintering behavior and found that sintering around the grain becomes more difficult as 

the ratio of B4C particles increases [27].  

 

 
 

Fig. 4. Point EDS analysis of 0.25% nB4C reinforced NiTi matrix composite. 

 

 
 

Fig. 5. Mapping image of 1% nB4C reinforced composite sample. 
 

The point EDS analysis taken from the sample produced after the SPS process of the 0.25% 

B4C reinforced NiTi matrix composite given in Fig. 4. examined how the NiTi grain was 

affected during the SPS process. In the examinations, it was observed that the grain carried 

the NiTi phase, which is the phase structure before the sintering process. The reason for this is 

that due to the low sintering time in the SPS process, there is not enough time for the unstable 

diffusion between Ni and Ti atoms, and thus the NiTi phase preserves its structure before the 

sintering process. This phenomenon is one of the advantages of the SPS method over 
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traditional sintering methods. With the increasing sintering time in traditional sintering 

methods, due to Ni-Ti diffusion in the grain, the equiatomic NiTi phase cannot preserve its 

structure, and the more stable Ni3Ti and Ti2Ni phases become effective. The samples require 

secondary heat treatment to show shape memory and superelasticity properties in this case. At 

the grain boundaries, diffusion between Ti and Ni atoms has occurred due to the effect of 

temperature and time. At the same time, the Ti-rich phase is dominant in the dark regions of 

the grain boundaries, while the ratio of Ni element in the light gray phase located near the 

grain boundary is higher than the Ti element Fig. 5 shows the mapping image of 1% nB4C 

reinforced NiTi alloy. 

 

 
 

Fig. 6. XRD patterns of unreinforced NiTi alloy and 0.5% nB4C reinforced NiTi matrix 

composite. 

 

 Fig. 6 shows XRD analyses of unreinforced NiTi alloy and 0.5% nB4C reinforced 

NiTi matrix composite. XRD analyzes were performed at room temperature. When the XRD 

analysis of the NiTi alloy is examined, it is seen that the peaks of the B2 phase, which is the 

austenite phase, are dominant. In the composite sample, the dominant phase is the B19 

martensite phase. In addition, the peaks of Ni3Ti and TiO2 phases are observed in both 

structures [28]. Although the sintering time is very short, the reason for this can be explained 

by the liberation of Ti atoms at the grain boundary and the oxidation of the free Ti atoms 

when removed from the argon atmosphere. The Ni3Ti phase, on the other hand, is the 

transformation of the Ti atoms moving to the grain boundaries into the Ni3Ti phase, which is 

the stable phase in the Ti-Ni alloy system in the region where Ti decreases. nB4C peaks are 

also seen in the composite sample. When we evaluate both NiTi alloy and nB4C-reinforced 

NiTi alloys together, it shows that nB4C nanoparticles are the trigger for the formation of the 

martensite phase and transform into a martensite structure at room temperature in the 

composite sample compared to NiTi in the austenite phase in the unreinforced state. From 

this, nB4C nanoparticles increase the austenite transition temperature.  

 

NiTi

0.5% nB4C
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3.2. Density and Nanoindentation Tests 

 
 Density tests of composites produced with NiTi alloy and reinforced with 0.25, 0.5, 

and 1% nB4C ceramic particles were carried out using the Archimedes principle. The density 

value of the unreinforced NiTi alloy was determined to be 6.34 g/cm3. A decrease in density 

values was observed with increasing reinforcement rate. The density value of the composite 

produced with 1% nB4C reinforcement, which has the highest reinforcement value, gave the 

lowest value. This is due to the density value of nB4C (2.52 g/cm3). nB4C reduces the density 

of the composite with increasing reinforcement ratio, allowing it to be lighter. Fig. 7 shows 

the change in density values depending on the increasing reinforcement rate. 

 

 
 

Fig. 7. Experimental densities of NiTi alloy and nB4C reinforced composites. 

 

The nanoindentation technique was used to determine composites' local mechanical and 

pseudoelasticity properties with different reinforcement ratios bulked by the SPS method. Fig. 

8 shows the load and depth curves of composites produced with unreinforced NiTi alloy and 

nB4C reinforcement at 0.25, 0.5 and 1% by weight. Hardness values in Vickers (HVIT), 

modulus of elasticity (E*) and penetration depth of the penetrating tip (hmax), epsilon, elastic, 

plastic and total energies are calculated respectively in Welas., Wplas. and Wtot. values are given 

in Table III. 

 

 
 

Fig. 8. Nanoindentation test of NiTi alloy and nB4C reinforced composites. 

 

When the results given in Table III were examined, it was determined that there was an 

increase in HVIT nano hardness values with an increasing reinforcement ratio. This situation 

is likely because, with the increasing reinforcement ratio, nB4C particles with high hardness 
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are distributed homogeneously within the grains and at the grain boundaries, acting as a 

barrier preventing dislocation movements [29,30]. In addition, the increase in nickel-rich and 

titanium-rich stable intermetallic phases in the composite samples was a factor that increased 

the hardness.  

 

Tab. III Mechanical properties of NiTi alloy and nB4C reinforced composites. 

  

NiTi 

 

%0.25 nB4C 

 

%0.5 nB4C 

 

%1 nB4C 

HVIT  264 271 326 344 

E* (GPa) 68.447 58.695 73.318 70.377 

hmax (nm) 1222.218 1233.625 1123.863 1109.425 

Epsilon 0.728 0.727 0.733 0.739 

Welas.(pj) 10.533 13.115 10.481 11.059 

Wplas.(pj) 27.182 24.576 23.878 21.025 

Wtot.(pj) 37.716 37.692 34.359 32.085 

 

Since boron carbide has a covalent bond, its elasticity modulus and hardness values are high 

compared to metals. According to the mixing rule, an increase in elastic modulus and 

hardness is expected with an increasing reinforcement ratio. It was determined that there was 

a partial increase in elasticity modulus values with increasing reinforcement ratio, but there 

was no significant increase. Since it is thought to keep the nB4C reinforcement rates low in 

the NiTi alloy and thus increase the mechanical properties, the rates were kept at such low 

values. It was determined that the sinking depth values decreased with increasing 

reinforcement ratio. It was determined that epsilon values increased with the increase in 

reinforcement rate. The work done was determined by measuring the deformation in terms of 

energy. When the table was examined, it was determined that the plastic and total deformation 

energy amounts gradually decreased with increasing reinforcement ratio. Since elasticity and 

hardness rates are directly related to wear behavior, these analyses were carried out, and 

subsequent wear tests were carried out. 

 It is known that the unreinforced NiTi alloy is in the B2 austenitic phase at room 

temperature. In a study, it was stated that the stresses occurring in the contact area of the 

indenter in the nanoindentation process would have the highest value and therefore, for the 

sample with an austenitic phase, plastic deformation occurs in the region closest to the 

indenter and a transition from austenite to martensite may occur due to the effect of stress as 

the tip advances [31]. 

 

3.3. Wear Properties and Worn Surface Morphology 

 
 A wear test was applied to determine the tribological properties of NiTi alloy and 

composite samples reinforced with nB4C at different rates. After the wear test, all samples 

friction coefficient-distance curves were determined to determine the wear mechanism and 

properties. Then, characterization processes were carried out by detecting post-wear surface 

features with FE-SEM and 3D profilometer devices. Fig. 9 shows the friction coefficient-

distance curves of composites produced by reinforcing NiTi alloy and 0.25%, 0.5%, and 1% 

nB4C, respectively.  

 When the friction coefficient-distance curves in Fig. 9 are examined, it is determined 

that the COF value of the unreinforced NiTi alloy is approximately 0.6. It is seen that there is 

a fluctuation in the friction coefficient with 0.25% nB4C reinforced into NiTi. The resulting 

friction coefficient started low at first and then continued to increase. It is thought that 

ceramic-ceramic surface encounters on the surface together with the Al2O3 ball used as a pin 

may trigger this situation. It was observed that the COF value decreased to the range of 0.4-
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0.5, with the reinforcement ratio being 0.5%, respectively. When the 1% NiTi composite 

sample with the highest nB4C reinforcement ratio was examined, it was observed that the 

average COF value was at its lowest, and thus, the increasing reinforcement ratio caused a 

decrease in the friction coefficient values. In this study, as in many other studies, this situation 

increases the hardness and strength of the composites developed by increasing the ratio of 

nB4C ceramic reinforcement in the matrix phase, thus causing a significant decrease in COF 

values [32,33]. The specific wear rates of unreinforced NiTi alloy and nB4C reinforced 

composite samples are shown in Fig. 10. 

 

 
 

Fig. 9. Friction coefficient – distance curves of NiTi and nB4C reinforced composite samples. 

 

 
 

Fig. 10. Specific wear rates of NiTi and nB4C reinforced composite samples. 

 

In order to determine the specific wear rates of all samples, the volume in the worn surface 

areas displayed on the 3D profilometer device was calculated with the ProfilmOnline 

software. When the results are examined, the increasing hardness values increasing the 

reinforcement ratio in the composites produced caused the wear rates to decrease. As it is 
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known, there is an inverse proportion between hardness and wear rate [34,35]. Similar to the 

literature, it was determined in this study that the strength improved with increasing nB4C 

supplementation significantly reduced the wear rate. FE-SEM images of worn surface 

morphologies are shown in Fig. 11 to examine the mechanisms of materials formed on the 

surface after wear. 

 

 
 

Fig. 11. Worn surfaces and 3D isometric images of NiTi and nB4C reinforced composite. 

 

When the FE-SEM images of the worn surface in Fig. 11 are examined, it is seen that the 

wear surface width is the highest in the unreinforced NiTi alloy. In all samples, the sliding 

direction explains the smallest amount of worn surface in the sample with the highest 

reinforcement ratio (1%). It was determined in the FE-SEM images that an abrasive wear 

mechanism generally occurred in all samples. It has been observed that deep grooves, 

scratches, craters and plastic deformation zones occur in the unreinforced NiTi alloy. It can be 

seen that the number of grooves in the 3D isometric image is very high. As expected, it was 
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determined that the highest rate of wear marks occurred in the unreinforced NiTi alloy, which 

has the lowest hardness amount. When the composite sample with a 0.25% nB4C 

reinforcement ratio is examined, it is seen that deep scratches are reduced compared to the 

unreinforced NiTi alloy. When the 3D isometric image is examined, the depth after wear is 

thought to decrease due to the increase in hardness. When the FE-SEM image of the 

composite sample produced with a 0.5% nB4C reinforcement rate was examined, it was 

determined that the wear scar width was further reduced compared to the 0.25% nB4C 

reinforced composite sample. In the 3D isometric image, it was determined that the wear 

depth of the plastic deformation zones decreased with increasing hardness value compared to 

the sample containing less reinforcement. Finally, it was determined that the composite 

sample produced with a 1% nB4C reinforcement rate was the sample with the minor wear 

marks in the worn surface image and the sample with the minor wear depth in the 3D 

isometric image. It is thought that the dominant wear mechanism in all samples is abrasive 

wear and that it causes plastic deformation due to the high 20 N load applied. As the nB4C 

reinforcement ratio increases, a decreasing wear scar width is observed in the 0.25%, 0.5% 

and 1% composite samples, respectively. That can be explained by the increase in hardness 

values with increasing reinforcement ratio in composite samples. Increasing the hardness is 

possible by distributing the nB4C reinforcement homogeneously within the NiTi matrix and 

increasing the ratio of Ti2Ni and TiNi3 stable intermetallic phases in the matrix as the 

reinforcement ratio increases [36]. 

 

 

4. Conclusion 
 

The main results of the research are summarized below: 

• When the FE-SEM images of the samples produced with NiTi alloy and nB4C 

reinforcement were examined, flat powders seen in the mechanical alloying process 

were not detected in the powder grains, with the process carried out in the 3D ball 

mixer. In conclusion, the XX material used as the reservoir does not change the grain 

morphology and is more efficient for homogeneous mixtures. It was also determined 

that the SPS technique did not affect the grain size during sintering. Diffusion, which 

occurs over time and temperature in traditional powder metallurgy methods, occurred 

in small amounts due to the short sintering time in SPS production, and the Ni4Ti3 

precipitates in the pre-alloyed powders remained in the matrix. Nickel-rich areas 

inside the grains and Titanium-rich areas towards the outside of the grains have been 

detected. In EDS analyses, Ni3Ti and NiTi2 intermetallic phases and B2 and B19 

phases were detected. 

• When the XRD patterns were examined, it was determined that the B2 phase was 

dominant in the unreinforced NiTi alloy and the B19 phase was dominant in the 

composite sample with 0.5% nB4C reinforcement. In addition, it is thought that the Ti 

atoms located at the grain boundaries in both samples from the TiO2 phase under 

atmospheric conditions after sintering. 

• When the density values of all samples were examined, it was determined that there 

was a decrease in the values as the nB4C reinforcement ratio increased. When the 

hardness values measured by nanoindentation are examined, increasing the 

reinforcement ratio increases the hardness values. Additionally, it has been 

determined that the energy the materials store (in terms of toughness) decreases with 

increasing hardness. 

• When the wear test samples were applied to all samples and examined, it was 

determined that increasing the reinforcement ratio increased the hardness and that the 

distortion affected the friction coefficient values, causing decreasing values with 

increasing reinforcement. 
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• When the surface properties after wear were examined, it was determined that the 

increasing hardness values with the reinforcement ratio had a gradually decreasing 

effect on the worn surface and the wear scars decreased. When the 3D isometric 

images were examined, it was determined that as the reinforcement ratio increased, 

the wear depth decreased, and thus, the wear rate decreased. 
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Сажетак: У овом раду је циљ био да се побољшају микроструктура, механичка и 
триболошка својства композитних узорака додавањем 0,25%, 0,5% и 1% нано B4C 
легури са меморијом облика NiTi. За припрему композитних прахова коришћен је 3Д 
куглични миксер, а узорци су произведени техником синтеровања у плазми. FE-

SEM/EDS и XRD су коришћени за карактеризацију микроструктуре и фаза, 
наноиндентација за одређивање механичких својстава и уређај за хабање диска за 
одређивање карактеристика хабања. Утврђено је да се повећањем удела ојачања 
додатог NiTi, нано B4C керамичке честице таложе на границама зрна и да се 
вредност тврдоће 1% нано B4C (334 HV) узорка највеће тврдоће значајно повећава за 
30% неојачане легуре (264 HV). 
Кључне речи: микроструктура, механичка својства, композити. 
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