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Nickel matrix composites reinforced with T15 high-speed steel (HSS) particles were prepared using powder metallurgy.  

A systematic investigation was conducted into the effects of the sintering temperature and T15 HSS particle content on the 

microstructure and properties of the composites. The results indicate that the grain size of the nickel in the composites was  

effectively refined by the addition of T15 HSS particles in comparison to the pure sintered nickel. It was also observed that the 

T15 HSS particles, after sintering at all the used temperatures (850, 900 or 950 °C), were diffusion-bonded to the nickel ma-

trix. There were two distinct layers between the reinforced particles and the nickel matrix: the solid solution of elements in 

nickel and the FeNi3 intermetallic compound, whose thickness slowly grows with the increase in sintering temperature. Also, 

as the sintering temperature was incremented, the relative density and hardness of the composites gradually rose. When sin-

tered at 950 °C, the Ni+20 wt.%T15 composite achieved a maximum hardness of 135 HB, which was about 52 % higher than 

that of the pure sintered nickel. The introduction of an increasing amount of T15 HSS particles combined with sintering re-

sulted in a rise in the yield strength of the sintered composites. At all the investigated temperatures, as the T15 HSS particle 

content was increased, the compressive strength of the composites also gradually grew. Nonetheless, as the sintering tempera-

ture was raised from 850 to 950 °C, the compressive strength of the composites initially increased and then decreased.  

The composite containing 20 wt.%T15 HSS particles sintered at 900 °C achieved the highest compressive strength of  

445 MPa, which was about 50 % higher than that of the pure sintered nickel. Additionally, the primary contributions  

of strengthening mechanisms such as load transfer, grain refinement and thermal expansion mismatch to the mechanical 

properties of the Ni+T15 HSS composites were analyzed.   
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INTRODUCTION 

The demand for composite materials has become  

a necessity for modern technology, which is why many 

methods of their production have been developed, for 

example, by casting or using powder metallurgy [1, 2]. 

Powder metallurgy (PM) is thought to be the most 

common production method for metal matrix compos-

ites (MMCs) [3]. One of the advantages of PM com-

pared to casting is that it has much better control over 

the microstructure and distribution of the reinforcement 

because solid-state diffusion plays a major role in the 

formation and growth of interparticle bonding [4]. Dif-

fusion itself is dependent on the sintering temperature 

and time, and has a major effect on the microstructure 

and mechanical properties. One successful strategy to 

enhance the mechanical performance of MMCs is  

second-phase particle strengthening. The particle size 

and the amount of reinforcement have a pronounced 

effect on the mechanical properties of composites [5]. 

The proper addition of reinforcements to metal compos-

ites significantly improves their strength, hardness, 

wear resistance, frictional behavior, creep, and fatigue 

characteristics, as well as provides an exceptional sur-

face quality in comparison to typical engineering mate-

rials [1, 3-7]. Nickel matrix composites (NMCs) are 

suitable for aerospace and military applications due to 

their superior mechanical and tribological properties 

[8]. It is well known that the improvement in the me-

chanical properties of NMCs mainly depends on the 

inherent features of the reinforcing phase and its inter-

facial bonding with the nickel matrix. Although ceramic 

particles such as carbides [9], borides [10], zirconia 

[11], and oxides such as Al2O3 [12] and ThO2 [13] are 

considered to be suitable for the reinforcement phases 

of nickel matrix composites, as a consequence of their 

poor wettability and the significant discrepancy in the 

thermal expansion coefficient between the nickel matrix 

and ceramic materials, these composite materials lack 

strength and toughness. It has been also shown [14, 15] 
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that nickel composites containing transition-metal di-

chalcogenides (WS2 and MoS2) and alkaline halides 

(CeF2, BaF2, and CaF2) have been extensively used  

to reduce friction and wear at ambient and high- 

-temperature testing conditions. In order to improve the 

interfacial bonds and obtain composite materials char-

acterized by high strength and impact strength, a great 

deal of attention has been paid to metal matrix composites 

reinforced with metal particles [6, 16]. Nevertheless, there 

are still few reports on metal particle-reinforced NMCs, 

and most of them concern the production of nickel  

matrix composites with soft metals (Au and Ag) used as 

solid lubricants [10]. The current study uses high-speed 

steel particles as the reinforcement phase, which have 

excellent wear resistance, high hardness, and high 

thermal stability. The main aim is to analyze the effects 

of the sintering temperature and reinforcement phase 

content on the microstructure, density, and mechanical 

properties of the composites. Also, the strengthening 

mechanisms of the composites were proposed.  

EXPERIMENTAL PROCEDURE 

In this study, commercially available nickel (99.75 % 

Ni) and T15 high-speed steel (HSS) powders were used. 

The chemical composition of T15 HSS powder is 

shown in Table 1.  

 
TABLE 1. Chemical composition of T15 HSS powder 

Chemical composition [wt.%] 

C Si Mn Cr Mo V W Co Fe 

1.5 0.4 0.4 4.5 0.5 5.0 12.5 4.75 rest 

 

Nickel powder with an average particle size of  

55 µm was used as the matrix, while T15 HSS powder 

with particle sizes less than 120 µm was used as the 

reinforcement. Both the nickel and T15 HSS atomized 

powder particles had a spherical shape (Fig. 1).  

The particle size of the nickel powder ranged from 40 to 

70 µm and the particle size of the high-speed steel 

ranged from 50 to 120 µm. Powder mixtures with dif-

ferent amounts of T15 HSS (5, 10, 15, and 20 wt.%) 

and pure nickel powder were blended in a steel  

container utilizing a rotary mill with steel balls. The pow-

ders were subjected to milling for 1 h using a ball-to- 

-powder ratio (BPR) of 10:1 and 120 rpm as the rota-

tion speed. Cylindrical specimens 20 mm in diameter 

and 10 mm high made from pure nickel powder and the 

prepared powder mixtures were subjected to single-

track pressing on an Amsler hydraulic press at the com-

paction pressure of 624 MPa.  

The green compacts were sintered at three different 

temperatures: 850, 900 or 950 °C, in a vacuum furnace 

for 2 h by applying uniaxial pressure of 5 MPa, and 

then the furnace was cooled. Specimens intended for 

microscopic examination were cut transversely using  

a low-speed diamond saw and then embedded in resin. 

Next, they were ground with sandpaper with a grit size 

of up to 1200 and polished with a diamond suspension 

having a grain size of 1 µm. 

 

 

 
Fig. 1. Scanning electron micrographs of nickel (a) and T15 HSS (b) 

powders 

The microstructure analyses of the prepared  

metallographic specimens were performed employing  

a Nikon Eclipse MA200 light microscope (LM) and  

a JEOL JMS 5400 scanning electron microscope 

(SEM). Before the samples were examined with the 

light microscope, they were etched using a solution of  

2 mL HNO3 and 100 mL C2H5OH. The grain size of the 

investigated materials was determined by means of 

quantitative metallography. The chemical composition 

of the reaction regions was investigated by energy dis-

persive X-ray analysis (EDX) utilizing an ISIS  

300 (Oxford Instruments). The composition of the 

phases was determined by comparing the results of the 

microprobe analysis with the data in the binary phase 

diagrams [17].   

The fabricated materials were subjected to density, 

hardness, and compression tests. The density of the 

sintered materials was determined by weighing the 

specimens in air and water employing WPA120 hydro-

static scales in line with the EN ISO 2738:2001 stan-

dard. The hardness of the materials was measured using 

the Vickers microhardness method (HV0.1) in accor-

dance with the EN ISO 6507-1:2023 standard and the 

Brinell method with a sintered carbide ball of 5 mm in 

diameter at a load of 2452 N in accordance with the EN 

ISO 6506-1:2014 standard. Cubic specimens with a side 

a) 

b) 
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length of 10 mm were prepared from the sintered mate-

rials and then tested at room temperature under quasi-

static compression by means of an Amsler screw ma-

chine at the constant crosshead speed of 0.1 mm/min. 

The reported data for all tests are the average values of 

three tested specimens. 

RESULTS AND DISCUSSION 

The introduction of T15 HSS particles into the 

nickel matrix caused significant changes in the micro-

structure of the composites. Figure 2 illustrates the met-

allographic micrographs of the composites containing 5, 

10, 15 and 20 wt.% T15 HSS particles sintered at 

900 °C. 

It can be observed that due to the thorough mixing 

of the powders before the pressing process, an even 

distribution of particles in the nickel matrix was 

achieved. To reveal the microstructure of the T15 HSS 

particles after sintering, the samples were subjected to 

an etching process. The annealed high-speed steel mi-

crostructure consists of a metal matrix composed of 

ferrite containing alloying elements and metal carbides. 

The high-speed steel structure includes M6C and MC 

types of carbides [18]. The carbides are visible in the 

microstructure of the T15 HSS as bright spots on the 

background of the metal matrix (Fig. 3). 

It can also be observed that the T15 HSS particles 

are diffusion-bonded to the nickel matrix. In order to 

quantitatively analyze the distribution of each region, 

point scanning was performed on two different regions 

of the interface between a T15 HSS particle and the Ni 

matrix, as shown in Figure 3. There are two clearly 

visible areas: A and B. The following chemical compo-

sition of the region marked A, formed close to the 

nickel side, was received using SEM and EDX analysis: 

97.77 at.% Ni, 1.76 at.% Fe, 0.15 at.% Cr, 0.11 at.% W, 

0.08 at.% V, 0.07 at.% Co, and 0.06 at.% of other ele-

ments. The results indicate, according to the Fe-Ni dia-

gram [17], the development of a solid solution based on 

nickel. X-ray microprobe analysis of the region marked 

B revealed a chemical composition of 76.11 at.% Ni, 

22.86 at.% Fe, and 1.03 at.% of other elements, which 

suggests that an FeNi3 intermetallic compound was 

formed. It was discovered that the contents of elements 

Ni, Fe, W, Cr and V vary greatly in different regions, 

which means that there is mutual diffusion between the 

Ni matrix and T15 HSS particles. 

 

     

     
Fig. 2. LM micrographs of composites containing 5 (a), 10 (b), 15 (c) and 20 wt.% T15 HSS particles (d) sintered at 900 °C 

  

a) 

c) 

b) 

d) 
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Fig. 3. SEM micrograph of T15 HSS particle-Ni matrix region of co
posite sintered at 950 °C 

The thickness of the diffusion-bonded zone d

pended on the sintering temperature. It was approx

mately 12 µm when sintered at the

850 °C, 16 µm at 900 °C, and 18 

Furthermore, as the sintering temperature 

creased, the number of pores gradually decreased, and 

the relative density of the sintered nickel as well as of 

all the investigated composites grew (Table 2).

 
TABLE 2. Density of sintered nickel and composites

Material 

Sintering 

temperature 

[°C] 

Measured 

density 

[g/cm3] 

Ni 850 8.411±0.03

Ni+5%T15 850 8.338±0.04

Ni+10%T15 850 8.302±0.05

Ni+15%T15 850 8.250±0.04

Ni+20%T15 850 8.176±0.07

Ni 900 8.518±0.04

Ni+5%T15 900 8.424±0.06

Ni+10%T15 900 8.381±0.03

Ni+15%T15 900 8.284±0.05

Ni+20%T15 900 8.222±0.02

Ni 950 8.655±0.04

Ni+5%T15 950 8.574±0.05

Ni+10%T15 950 8.490±0.07

Ni+15%T15 950 8.427±0.03

Ni+20%T15 950 8.326±0.04

 

The examinations also showed that the introduction 

of the T15 HSS particles (theoretical density 8.19 g/cm

into the nickel matrix (theoretical density 8.9 g/cm

resulted in an obvious decline in the density of 

composites. The theoretical densities of 

containing 5, 10, 15, and 20 wt.% T15 HSS particles 
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Ni matrix region of com-

bonded zone de-

on the sintering temperature. It was approxi-

the temperature of 

°C, and 18 µm at 950 °C.  

Furthermore, as the sintering temperature was in-

creased, the number of pores gradually decreased, and 

sintered nickel as well as of 

(Table 2). 

Density of sintered nickel and composites 

Measured 

density 

 

Relative 

density 

[%] 

0.03 94.51 

0.04 94.11 

0.05 94.02 

0.04 93.86 

0.07 93.55 

0.04 95.71 

0.06 95.08 

0.03 94.92 

0.05 94.25 

0.02 94.08 

0.04 97.25 

0.05 96.78 

0.07 96.15 

0.03 95.88 

0.04 95.27 

The examinations also showed that the introduction 

particles (theoretical density 8.19 g/cm
3
) 

into the nickel matrix (theoretical density 8.9 g/cm
3
) 

in the density of the 

oretical densities of the composites 

T15 HSS particles 

are 8.86, 8.83, 8.78, and 8.74 g/cm

of the visible pores in the microstructures (Fig. 2) were 

distributed at the interfaces between the nickel matrix 

and the reinforced particles. The average grain size of 

the nickel matrix in the composites sintered at 850, 

900 and 950 °C was 1.85±0.11, 2.27±0.16 and 2.69

±0.21 µm, respectively. Similar measurements pe

formed for pure nickel sintered at 850, 900 and 950

showed that the average grain size was 2.55±0.17, 

3.87±0.13 and 4.37±0.19 µm, respectively. It is obvious 

that as the sintering temperature 

size gradually increased, but in the composites, the 

T15 HSS particles effectively prevented grain growth 

by pinning the grain boundary, leading to a sma

nickel grain structure. This phenomenon is also co

nected to the particle content in the composites. It was 

noticed that the higher the content of particles, the 

smaller the average grain size of the nickel matrix. 

This is because a smaller nickel gr

vicinity of the T15 HSS particles and a relatively larger 

grain size in the areas further away from the reinforc

particles.  

The Vickers indentation test was carried out on 

various sections of the composite to analyze the change 

in microhardness from the Ni matrix to the T15 HSS 

particles (Fig. 4)  

 

Fig. 4. Microhardness of various regions of Ni

The microhardness of 

(345±15 HV0.1) and FeNi3 

±20 HV0.1) is about 4.2 and 6.5 times higher than that 

of the pure nickel and solid solution based on nickel, 

respectively. Table 3 displays the Brinell hardness of 

the pure nickel and the composites sintered at various 

temperatures. 

When the sintering temperature of 

was increased from 850 to 900

was obtained and the Brinell hardness increased. 

theless, when the sintering temperature was 

900 to 950 °C, the grain size of 

rapidly, and therefore the Brinell hardness started to 

dwindle. 

speed steel particles 
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are 8.86, 8.83, 8.78, and 8.74 g/cm
3
, respectively. Most 

microstructures (Fig. 2) were 

distributed at the interfaces between the nickel matrix 

and the reinforced particles. The average grain size of 

matrix in the composites sintered at 850,  

°C was 1.85±0.11, 2.27±0.16 and 2.69 

±0.21 µm, respectively. Similar measurements per-

formed for pure nickel sintered at 850, 900 and 950 °C 

showed that the average grain size was 2.55±0.17, 

and 4.37±0.19 µm, respectively. It is obvious 

that as the sintering temperature was raised, the grain 

size gradually increased, but in the composites, the  

T15 HSS particles effectively prevented grain growth 

by pinning the grain boundary, leading to a smaller 

nickel grain structure. This phenomenon is also con-

nected to the particle content in the composites. It was 

noticed that the higher the content of particles, the 

smaller the average grain size of the nickel matrix.  

This is because a smaller nickel grain structure is in the 

T15 HSS particles and a relatively larger 

rther away from the reinforcing 

The Vickers indentation test was carried out on 

various sections of the composite to analyze the change 

in microhardness from the Ni matrix to the T15 HSS 

 
Fig. 4. Microhardness of various regions of Ni-T15 HSS composite 

The microhardness of the T15 HSS particles 

 intermetallic phase (530 

±20 HV0.1) is about 4.2 and 6.5 times higher than that 

pure nickel and solid solution based on nickel, 

Table 3 displays the Brinell hardness of 

composites sintered at various 

perature of the pure nickel 

was increased from 850 to 900 °C, a denser material 

was obtained and the Brinell hardness increased. None-

when the sintering temperature was raised from 

°C, the grain size of the pure nickel grew 

therefore the Brinell hardness started to 
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TABLE 3. Brinell hardness and compressive strength of sin-

tered Ni and composites 

Material 

Sintering 

temperature 

[°C] 

Brinell 

hardness 

[HBW] 

Compressive 

strength 

[MPa] 

Ni 850 82±1.5 285±5 

Ni+5%T15 850 88±1.6 328±6 

Ni+10%T15 850 94±1.4 351±4 

Ni+15%T15 850 102±1.3 390±7 

Ni+20%T15 850 115±1.5 417±3 

Ni 900 84±1.2 298±4 

Ni+5%T15 900 93±1.3 342±5 

Ni+10%T15 900 101±1.6 368±2 

Ni+15%T15 900 116±1.8 402±5 

Ni+20%T15 900 128±1.4 445±8 

Ni 950 83±1.7 292±4 

Ni+5%T15 950 96±1.6 336±1 

Ni+10%T15 950 108±1.2 359±6 

Ni+15%T15 950 121±1.7 394±7 

Ni+20%T15 950 135±1.0 425±3 

 

The hardness of the composites rose constantly with 

increasing sintering temperatures. It was also found that 

the hardness grew with the addition of more reinforce-

ment. This is resulted in the higher hardness values of 

the T15 HSS and FeNi3 as compared to the nickel ma-

trix. This higher hardness is also attributed to the  

decrease in the interparticle distance with the increment 

in the amount of reinforcement, as represented by  

Equation (1) 

�� = 	 �� �� �
6���

�
�

− 1	 (1) 

where di, rp, and Vf are the inter-particle distance,  

radius of the particle, and volume fraction of reinforce-

ment, respectively [19]. The reasons for the improve-

ment in the Brinell hardness of the composites are as 

follows: (a) the density of the composites grew as  

a result of the higher sintering temperatures; (b) the T15 

HSS particles with high hardness were dispersed in the 

nickel matrix; (c) the addition of the T15 HSS particles 

led to grain refinement; and (d) a hard secondary phase 

(FeNi3) was observed in the microstructure. For exam-

ple, at the same sintering temperature (950 °C), the 

hardness of the Ni+20%T15 composite is about 52 % 

higher than that of the pure sintered nickel. Figure 5 

presents the exemplary room-temperature compressive 

stress-strain curves for the composites sintered at 

900 °C. 

The introduction of an increasing amount of T15 

HSS particles combined with sintering resulted in a rise 

in the yield strength of the sintered composites. Under 

compressive loading, according to Kim et al. [20], the 

reinforcement particles move in the loading direction to 

become closer to each other, and deformation takes 

place mainly in the matrix. Therefore, the plastic de-

formability of the sintered composites decreased with 

the increment in the amount of reinforced particles. 

Table 3 displays the compressive strength of the pure 

nickel and the Ni+T15 HSS composites sintered at 

various temperatures. At all the investigated tempera-

tures, as the T15 HSS particle content was increased, 

the compressive strength of the composites also gradu-

ally grew. However, as the sintering temperature was 

increased, the compressive strength of the composites 

initially rose and then dropped. When the sintering 

temperature was incremented from 850 to 900 °C,  

a denser material was obtained, and the compressive 

strength grew. Nevertheless, when the sintering tem-

perature was raised from 900 to 950 °C, the grain size 

of the nickel matrix increased, and therefore the com-

pressive strength of the composites started to fall.  

The composite containing 20 wt.%T15 HSS particles 

sintered at 900 °C achieved the highest compressive 

strength of 445 MPa, which was about 50 % higher than 

that of the pure sintered nickel. 

 

 
Fig. 5. Compressive stress-strain curves for Ni+T15 HSS composites 

sintered at 900°C 

The second-phase particles can strengthen the com-

posites mainly by means of the following mechanisms: 

Orowan strengthening (when the reinforcing particles 

are smaller than 1 µm and closely spaced, hence in this 

case the contribution of Orowan strengthening to the 

composite can be ignored), load transfer strengthening, 

grain refinement strengthening and coefficient of ther-

mal expansion (CTE) mismatch strengthening [21]. 

Load transfer strengthening refers to the transfer of load 

from the softer nickel matrix to the harder T15 HSS 

reinforcing particle during the loading process.  

The contribution of load transfer strengthening to the 

strength of the composites can be estimated by the fol-

lowing formula: 

∆
���	 = 0.5�
��
� (2) 

where σm is the yield strength of the nickel matrix and 

fT15 is the volume fraction of the T15 HSS particles.  

The volume fraction of the T15 HSS particles can be 

calculated from the mass fraction using the formula: 
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�
�� =

�
.%	�15�
���
. %�15�
�� +
�
. %���
�

 (3) 

The contribution of grain refinement to strength can 

be calculated using the Hall-Petch equation: 

∆
��� = �
������.� − �
�
��.�� (4) 

where kNi is the Hall-Petch constant (for Ni, kNi =  

= 0.158 MPa·m
1/2
), dc and dNi are the average grain 

sizes of the Ni+T15 HSS composites and pure nickel. 

The volumetric strain between the reinforcing particles, 

the hard secondary phase (FeNi3) around the particles, 

and the nickel matrix during sample cooling is caused 

by a mismatch in CTE, which improves the yield 

strength by producing dislocations surrounding the rein-

forced particles. There is a noticeable CTE mismatch 

between the T15 HSS particles, the FeNi3 intermetallic 

compound, and the nickel matrix. The CTE of T15 HSS 

is 9.9 · 10
–6
 K

–1
, the CTE of FeNi3 is 18 · 10

–6
 K

–1
, and 

the CTE of nickel is 12.7 · 10
–6
 K

–1
 [22]. The thermal 

mismatch contribution can be estimated using the fol-

lowing formula: 

∆
�
� = 1.25���12�
��∆�∆�����  (5) 

where G is the shear modulus of Ni (76 GPa), b is the 

Burger’s vector of Ni (0.2492 nm) [23], fT15 is the  

volume fraction of T15 HSS, ∆T is the difference be-

tween the sintering temperature and room temperature, 

∆CTE is the CTE mismatch between the FeNi3 layer 

around the T15 HSS particles and nickel, and d is the 

average particle size of the T15 HSS particles. The su-

perposition relationship is mainly applied to the re-

search of metal matrix composites reinforced with  

micron-sized particles [21]. The theoretical yield 

strength of the Ni+T15 HSS composites can be esti-

mated as follows: 


�� = 
� + ∆
��� +�∆
���	� + ∆
�
��  (6) 

where σm is the yield strength of the nickel matrix  

(142 MPa), while ∆σH-P, ∆σLoad, and ∆σCTE denote the 

strength contributions from the grain refinement, load 

transfer and thermal mismatch. The predicted theoreti-

cal values of most of the specimens coincided well with 

the experimental values.  

CONCLUSIONS 

In this paper, Ni+T15 HSS composites were pre-

pared using powder metallurgy techniques. The study 

investigated the effects of the sintering temperature and 

particle content on the microstructure, density, and me-

chanical properties of the composites. The main conclu-

sions are as follows: 

1. The addition of T15 HSS particles effectively inhib-

its the growth of the nickel grains, and the grain size 

is proportional to the sintering temperature.  

2. The T15 HSS particles, after sintering at all the in-

vestigated temperatures, are diffusion-bonded to the 

nickel matrix. There are two distinct layers between 

the reinforcing particles and the nickel matrix: the 

solid solution in nickel and the FeNi3 intermetallic 

compound.  

3. The hardness and density of the Ni+T15 HSS  

composites grow with increasing temperature.  

The highest hardness of 135 HB was achieved by 

the Ni+20 wt.%T15 HSS composite after sintering 

at 950 °C, which is about 52 % higher than that of 

the pure sintered nickel.  

4. The introduction of increasing amounts of T15 HSS 

particles combined with sintering results in a rise in 

the yield strength of the composites. As the sintering 

temperature is increased from 850 to 950 °C, the 

compressive strength of the composites initially 

grows and then drops. The composite containing  

20 wt.%T15 HSS particles sintered at 900 °C 

achieved the highest compressive strength of  

445 MPa, which is about 50 % higher than that of 

the pure sintered nickel.  

5. Grain refinement, thermal expansion coefficient 

mismatch, and load transfer strengthening are the 

main strengthening mechanisms for the Ni+T15 

HSS composites. 
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