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INTRODUCTION

Metal matrix composites (MMCs) reinforced 
with diamond exhibit high hardness and grinding 
ability and are widely used in various applications 

like drills for concrete and rock cutting, mining, 
tunneling, oil exploration, hydrological and 
geotechnical drilling [1–3]. In MMCs, diamond 
segments usually are attached to the cutting and 
grinding tools, e.g. drill bits, saw blades, or wire 
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ABSTRACT
The paper presents research results on the enhancement of diamond composites designed for tools application for 
mining industry, hard rocks cutting, able to withstand harsh conditions under heavy dynamical loads. In the present 
study, both CrB2 micropowder and VN nanopowder additives were used in proportions up to 5 wt.% and 6 wt.%, 
respectively, together with the basic matrix composition of 51 wt.% Fe, 32 wt.% Cu, 9 wt.% Ni, and 8 wt.% Sn. 
Addition of both components, CrB2 and VN, appeared to be advantageous in proportion of 2 wt.% and 4 wt.%, 
respectively. This composition exhibited the highest relative density of 0.9968, better than that without additives. 
Similarly, the highest values of compressive strength Rcm and flexural strength Rbm were reached for the composite 
with the same percentage of CrB2 and VN. Compared to the composite with no addition of CrB2 and VN, Rcm im-
proved by almost 70%, while Rbm by 81%. Additionally, the abovementioned additives enhanced the ability of the 
matrix to prevent the diamond reinforcement from being torn out of the composite, which is very important under 
harsh working conditions of the cutting tools. The presence of CrB2 micropowder and VN nanopowder promoted 
densification of the matrix and adhesion between the diamond grits and the Fe‒Cu–Ni–Sn matrix. 
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saws [4]. It is important to note that in mining and 
rock technology, a single diamond particle of the 
cutting tool composite is not performing a cutting 
operation, but is rather acting as a sliding indenter 
causing confined crushing [5]. 

Apart from the rock mechanical properties 
[6], especially when transitioning between 
two distinct layers with different mechanical 
properties [7], the cutting performance and wear 
resistance of diamond-reinforced composites 
depends on the properties of a matrix primarily 
determined by its elemental composition [8], 
proportion of diamond grains added [9, 10], 
dimensions of the reinforcement [11], the strength 
and shape of diamond grits [12], and the additives 
that have effect on the composite microstructure 
[13]. In particular, Fe‒Cu‒Ni‒Sn matrices are 
used for the diamond composites [14, 15], due to 
their high cutting characteristics and tribological 
properties useful for both soft soil and hard rocks 
in stationary and quarry conditions alike [16]. In 
particular, the following advantages of diamond 
Fe‒Cu‒Ni‒Sn metal matrix composites can be 
named [17]:
 • low cost of metal matrix components;
 • relatively low temperature of a Cu–Sn system 

liquid phase appearance during sintering, con-
tributing to the strength of diamond bits;

 • the ability of cold pressing of metal matrix 
components in order to form tools of different 
shapes;

 • improved environmental impact due to ab-
sence of toxic cobalt.

The liquid-state techniques for fabrication of 
metal matrix composites pose certain limits on 
the shape or size of the diamond reinforcement, 
while the powder metallurgy methods provide 
greater flexibility and ensure superb mechani-
cal and thermal properties due to the uniform 
dispersion of the reinforcement [18]. The metal 
matrix composites reinforced with diamond grits 
are usually fabricated using pressure infiltration 
techniques and powder metallurgy [19], in par-
ticular, hot pressing methods (HP) [20]. Among 
other methods, hot isostatic pressing (HIP), high 
frequency induction heated sintering (HFJHS), 
and spark plasma sintering (SPS) can be named 
[21]. The fabrication method has direct impact on 
the phase and structure formation in the compos-
ite material [22, 23] thus influencing its further 
performance in working conditions [24].

Because the metal matrix has low hardness, 
its function is to hold the diamond grits in posi-
tion and to ensure sufficient grain protrusion [25].  
In the case of tool operation, it is crucial that the 
matrix have high retention properties to ensure 
sufficient retention of the diamond particles to pre-
vent them from falling out, pressing in or turning 
during cutting [26]. This condition guarantees the 
appropriate exposing of new diamond particles 
out of the worn tool, with new, sharp cutting edg-
es. However, under heavy unstable contact loads 
and elevated temperatures, irreversible structural 
changes may occur in the matrix, decreasing its 
modulus and accelerating its wear. It is suggested 
that the pullout and fracture of reinforcing par-
ticles could be the main tool wear mechanisms, 
perhaps due to high working temperature [27]. 
Moreover, another possible wear mechanism is 
the dulling of diamond grits resulting in a wors-
ened cutting performance, which can be avoided 
by proper adjusting of the metal matrix hardness 
[28]. Additionally, graphitization of the diamond 
bits substantially reduces its serving time [29,30]. 
Thus, to enhance the cutting tool, it is necessary 
to add some substances that would strengthen the 
matrix on the one hand, and improve adhesion be-
tween the matrix and the diamond reinforcement.

Among others, CrB2 additive was found use-
ful as a strengthening component of the diamond-
reinforced metal matrix composites [31, 32]. 
It was demonstrated that addition of 2 wt.% of 
CrB2 to the Fe‒Cu‒Ni‒Sn matrix, together with 
relevant optimization of the sintering conditions, 
enhanced retention of the diamond grits in the 
matrix and provided decarburization bonding 
the non-diamond carbon to the compounds like 
Cr3C2, Cr7C3, Cr1.65Fe0.35B0.96 [33]. Moreover, ex-
periments showed that increase of the CrB2 con-
tent up to 8 wt.% in the matrix of 51 wt.% Fe – 32 
wt.% Cu – 9 wt.% Ni – 8 wt.% Sn increased both 
hardness and modulus [34]. 

In turn, addition of vanadium nitride (VN) 
to the Fe–Cu matrix system improved its flex-
ural strength and hardness by 25% and 30%, re-
spectively, presumably due to the better adhesion 
between matrix and diamond grits [35]. Also the 
Fe‒Cu‒Ni matrix increased almost twice its com-
pressive and flexural strength and decreased wear 
rate after VN nanopowder was added [36]. These 
results indicated that combination of both CrB2 
and VN additives in the diamond-reinforced Fe‒
Cu‒Ni‒Sn matrix would improve the properties 
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of the composite from the perspective of cutting 
tools destined for mining and rock cutting.

In this respect, the present work is aimed to 
investigate the effect of combined CrB2 and VN 
additives on the diamond composite with the ma-
trix of 51 wt.% Fe – 32 wt.% Cu – 9 wt.% Ni – 8 
wt.% Sn. The objective was to find out the most 
advantageous proportion of the components in 
terms of mechanical characteristics, such as hard-
ness H, elastic modulus E, resistance to plastic de-
formation H3/E2 [37], index of tolerance to abra-
sion damage 1/(E2H) [38], compressive strength, 
and flexural strength. Moreover, adhesion to the 
diamond grits was taken into consideration as an 
important enhancing factor for this application. 

MATERIALS AND METHODS

The fabrication method was electroconsolida-
tion, which belongs to the group of Spark Plasma 
Sintering (SPS) [39] or Field Activated Sintering 
Technique (FAST) [40]. For this method, speci-
mens of pure matrices were prepared sintering the 
powder blends of iron (Fe), copper (Cu), nickel 

(Ni), tin (Sn), chromium diboride (CrB2), and va-
nadium nitride (VN), while to obtain the diamond 
composite specimens, diamond powder was add-
ed. The particle dimensions provided by the re-
spective delivering companies of the components 
are specified in the Table 1. 

First sample of the specimens prepared for 
different tests consisted of pure Fe‒Cu‒Ni‒Sn 
matrices with no additions of chromium diboride, 
vanadium nitride or diamond. Next samples, #2 to 
#7, were sintered out of Fe‒Cu‒Ni‒Sn‒CrB2‒VN 
components with various combinations of CrB2 
and VN proportions. Samples #8 to #11 kept sim-
ilar proportions of CrB2 and VN but with addition 
of 6.25 wt.% of diamond powder. And sample 
#12 contained 5 wt.% of each CrB2 and VN com-
pound, as well as diamond powder. Proportions 
of the components in each sample of specimens 
are shown in Table 2.

Based on the previous experience, homog-
enous powder blend for sample #1 was prepared 
as follows. First, Sn and Ni powders in respec-
tive amounts were mixed together in the alcohol 
environment. Then the appropriate amount of Cu 
powder was added and mixed until the uniform 

Table 1. Powders used in the experiments
Powder Particle dimensions (μm) Delivering company City, country

Fe 25 ± 10 Powder Metallurgy Enterprise Zaporizhzha, Ukraine

Cu 20 ± 9 Powder Metallurgy Enterprise Zaporizhzha, Ukraine

Ni 15 ± 8 Powder Metallurgy Enterprise Zaporizhzha, Ukraine

Sn 15 ± 8 Powder Metallurgy Enterprise Zaporizhzha, Ukraine

CrB2 
70.62 % of Cr and 29.30 % of B 7 ± 6 OOO Synthex-Product Moscow, Russia

VN 0.5 ± 0.4 ONYXMET Olsztyn, Poland

Diamond powder 0.5 ± 0.36 De Beers South Africa

Table 2. Proportions of the components in each sample of specimens 
Sample Cdiamond Fe Cu Ni Sn CrB2 VN

1 ‒ 51 32 9 8 ‒ ‒

2 ‒ 47.94 30.08 8.46 7.52 2 4

3 ‒ 49.47 31.04 8.73 7.76 1 2

4 ‒ 45.90 28.80 8.10 7.20 4 6

5 ‒ 46.92 29.44 8.28 7.36 2 6

6 ‒ 46.92 29.44 8.28 7.36 4 4

7 ‒ 49.90 28.80 8.10 7.20 4 5

8 6.25 47.8125 30.0 8.4375 7.5 ‒ ‒

9 6.25 44.7525 28.08 7.8975 7.02 2 4

10 6.25 46.2825 29.04 8.1675 7.26 1 2

11 6.25 42.7125 26.80 7.5375 6.7 4 6

12 6.24 42.7125 26.80 7.5375 6.7 5 5
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blend was reached. And next, Fe powder was 
added and mixed in the similar way.

The samples #2 to #7 were prepared using the 
following procedure. First, CrB2 and VN powders 
in respective amounts were mixed together in the 
alcohol environment. Next, respective Sn, Ni, Cu, 
Fe powders were subsequently added and mixed 
in the way described above.

To prepare the samples of the diamond com-
posite #8 without CrB2 and VN additions, the 
powder blend #1 was prepared first. Then the dia-
mond powder moistened with glycerin was added 
in a batch of 6.25 wt.% and mixed together in the 
alcohol environment until the uniform blend was 
reached. Similarly, samples #9 to #12 were pre-
pared according to the procedures for #2 – #4, and 
then the diamond powder was added.

The abovementioned powder blends under-
went sintering process in the graphite molds, 
using a modified electroconsolidation method, 
which has been described in detail elsewhere 
[41]. Graphite molds were lubricated with boron 
nitride to prevent their interaction with sintered 
specimens. The process parameters were deter-
mined based on the results of preliminary studies 
[22]. The samples of 10 mm diameter and 5 mm 
thickness, were sintered in vacuum of 0.1 Pa un-
der alternating current of 5000 A, voltage 5 V. The 
heating rate was 300 °С/min, mechanical pres-
sure 30 MPa was applied for 3 minutes. Sintering 
temperatures were from 20 °С up to 1000 °С. It 
is worth noting that the temperature and time of 
sintering are below the recently reported 1550 °C 
and 5 min [42], which indicates substantial sav-
ings and lays in accordance with optimisation 
of the sintering method named among the main 
measures to improve diamond composites [43].

The sintered specimens were grinded to ob-
tain cylinders of 9.62 mm diameter and 4.84 
thickness. Before the microstructural and me-
chanical tests, the surfaces of specimens were 
polished with a diamond paste of 1 μm particle 
dimensions and with colloid solution containing 
silicon oxide particles of 0.04 μm size to ob-
tain a mirror-like surface. For the compressive 
strength tests with displacement rate 1 μm/s, 
specimens were cut in form of the bars with 
cross section 2×2 mm.

To determine the relative density ρ, the fol-
lowing equation was applied:

𝜌𝜌𝜌𝜌 =
𝜌𝜌𝜌𝜌ℎ
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡

 

 

𝜌𝜌𝜌𝜌ℎ = 𝜌𝜌𝜌𝜌H2O
𝑀𝑀𝑀𝑀1

𝑀𝑀𝑀𝑀2 −𝑀𝑀𝑀𝑀3
 

(1)

where: ρh – the hydrostatic density (g/cm3);   
ρt – the true density (g/cm3).

The true density ρt was measured using he-
lium pycnometry system AccuPyc 1340 made by 
Micromeritics (Norcross, GA, US). The hydro-
static density ρh was calculated from the follow-
ing equation:

𝜌𝜌𝜌𝜌 =
𝜌𝜌𝜌𝜌ℎ
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡

 

 

𝜌𝜌𝜌𝜌ℎ = 𝜌𝜌𝜌𝜌H2O
𝑀𝑀𝑀𝑀1

𝑀𝑀𝑀𝑀2 −𝑀𝑀𝑀𝑀3
 (2)

where: ρH2O – the density of water (≈1 g/cm3);   
M1 – the mass of the composite in air;   
M2 – the mass of the composite covered 
by the protective film (vaseline) in air;   
M3 – the mass of the composite covered 
by the protective film in water. The mass 
was measured using laboratory scales 
with sensitivity 0.001 g.

Microstructure, morphology, and elemental 
composition were analyzed using scanning electron 
microscope (SEM) Mira 3 LMU delivered by TES-
CAN (Czech Republic). Its resolution was 1.2 nm, 
with application of energy dispersion microanalyz-
er OXFORD X-MAX 80 mm2. The measurement 
uncertainty for heavy metals was 0.01 wt.%, while 
for light metals it was 0.10 wt.%. During analysis 
of the sample surface, the accelerating voltage was 
30 kV, CuKα radiation, λCu = 0.1542 nm. 

Micromechanical hardness tests and measure-
ment of elastic modulus E were performed with 
Nano Indenter G200 made by Agilent Technologies 
(USA). It was equipped with the pyramidal sharp-
tip Berkovich indenter, and the nanoindentation 
depth was 200 nm. Nanohardness H and elastic 
modulus E were determined using Oliver–Pharr 
method [44]. In this method, the diamond tip and 
the sample are modeled as two contacting bodies, 
and direct measurement of stiffness S and projected 
area of contact Ac allows for the sample elasticity 
modulus E to be evaluated. At least 10 indentations 
under the load ±20‒24 mN were made on the sur-
face of each tested specimen, distanced from one 
another by10–15 μm, to calculate the arithmetic 
mean value. The indentation depth measurement 
was performed with accuracy of ±0.04 nm. 

The compressive strength Rсm was measured 
with a Landmark MTS 870 Dual Column machine 
produced by MTS company (Eden Prairie, MN, 
USA) at 1 µm/s displacement rate. The three-point 
flexural test was used to determine the flexural 
strength Rbm. The test was performed using Instron 
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3344 testing device (INSTRON Ltd., Norwood, 
MA, USA) at the displacement rate of 1 μm/s. The 
process was registered by 10,000 pictures per sec-
ond, using a Photron FASTKAM Mini UX100 M1 
camera (Photron USA, Inc., San Diego, CA). 

RESULTS AND DISCUSSION

Morphology of the initial powders

In Figure 1, there are shown SEM images of 
the diamond particles (1a), chromium diboride 
(1b) and vanadium nitride (1c) used as the ini-
tial powders for the subsequent sintering. The 
diamond particles of dimensions 0.5 ± 0.36 μm 
exhibit well-developed facets of various simple 
shapes. On the surfaces of the particles seen in 
Fig. 1a, no defects are distinguishable, such as 
cracks, chips, or cavities. 

Chromium diboride particles presented in Fig. 
1b have average size of 4‒6 μm and mainly ir-
regular shape with developed surface. Some larger 
particles were found in the powder, which perhaps 

were agglomerated from the small particles. Va-
nadium nitride VN powder in Fig. 1c had particle 
dimensions in wider range, from 0.1 up to 0.7 μm. 
Two sorts of agglomerates can be distinguished. 
The first order agglomerates exhibit spherical 
shape of dimensions ca. 0.1 μm. The second or-
der agglomerates have rather polygonal shape with 
skewed angles, but also rounded ones. Mainly their 
dimensions are about 0.3 μm, but single agglom-
erates reach up to 1 μm. Presumably, agglomera-
tion takes place through clumping of smaller VN 
particles together. It should be noted, however, that 
amount of the large agglomerates between 0.3 and 
0.7 μm is relatively small, below 5%. 

The abovementioned morphological features 
may have certain effect on the microstructure, 
and, hence, performance of the sintered samples.

Microstructural features of 
the sintered specimens

Effect of the additions on the MMC’s sinter-
ing ability and, thus, on the final structure is seen 
in the diagram of the relative density ρ. Figure 2  

Fig. 1. SEM images of the initial powders: a) diamond particles, b) chromium diboride, and c) vanadium nitride
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shows results for different percentage of the VN 
and CrB2 by mass. It demonstrates that the den-
sity of the matrix without these additions was 
ρ = 0.9886, and increased after some amounts of 
vanadium nitride and chromium diboride were 
added. The maximal relative density ρ = 0.9968 
was obtained for the composition with 2 wt.% of 
CrB2 and 4 wt.% of VN. Further increase of both 
components resulted with drastic decrease of the 
relative density down to ρ = 0.9748 after addition 
of 4 wt.% of CrB2 and 6 wt.% of VN.

These results are conditioned by the dispersi-
ty of the initial powders, discussed in the previous 
section. In particular, formation of agglomerates 

during the mixing procedure had significant ef-
fect, as well as their separation during the sin-
tering. As a result, micropores must have been 
formed, since the sintering temperature of VN 
and CrB2 additives is much higher that that of oth-
er MMC’s components and their agglomerations 
can be sintered only partially. From the applica-
tion perspective, porosity is disadvantageous due 
to hardness reduction and decrease of the related 
mechanical properties and performance.

Apart from porosity and relative density, 
the additives had effect on the contact between 
the matrix and diamond reinforcement. Figure 3 
presents example of the SEM images obtained 

Fig. 2. Diagram of relative density ρ after addition of different proportions VN and 
CrB2 to the matrix 51 wt.% Fe – 32 wt.% Cu – 9 wt.% Ni – 8 wt.%

Fig. 3. SEM images of the contact area between the matrix and the diamond grits (composition contrast): 
a) sintered sample #8 without CrB2 and VN additions, b) sample #9 with 2 wt.% CrB2 and 4 wt.% VN
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for the samples #8 and #9. Their compositions 
were 6.25 wt.% Cdiamond ‒ (51 wt.% Fe–32 wt.% 
Cu–9 wt.% Ni–8 wt.% Sn) for the sample #8, and 
6.25 wt.% Cdiamond ‒ (47.75 wt.% Fe–28.08 wt.% 
Cu–7.89 wt.% Ni–7.02 wt.% Sn‒2 wt.% CrB2‒4 
wt.% VN) for the sample #9. These images illus-
trate peculiarities of the contact area between the 
matrix and the diamond grits used as reinforce-
ment. Especially from the cutting tool application 
perspective, this contact area is crucial for the 
performance and especially for wear resistance of 
the composite.

In general, structures of the samples #8 and #9 
are quite similar, while the #9 looks more disper-
sive. In sample #8 without CrB2 and VN additions 
shown in Fig. 3a, contact between the diamond 
grit and the matrix is untied with distinguishable 
discontinuities and gaps. These features indicate 
weakness of the diamond fixation in the matrix. 
Obviously, under dynamic loads during the work 
of the cutting tools, the contact area could be eas-
ily destroyed which reduce ability of the matrix to 
keep the diamond grits in place. After addition of 
2 wt.% CrB2 and 4 wt.% VN, the structure of the 
metal matrix becomes more dispersive and the 
contact with the diamond surface is more tight, 
with no discontinuities seen in the sample #9, Fig. 
3b. This simple observation indicates that micro-
powder CrB2 and nanopowder VN added to the 
Fe–Cu–Ni–Sn matrix enhanced retention of the 
diamond reinforcement. However, the improve-
ment was seen only for small percentage of these 
additions, their further increase resulted with ap-
pearance of defects in form of discontinuities, 
cavities, etc., indicating worsened performance of 
the diamond-reinforced metal matrix composite.

Mechanical properties

It was demonstrated previously that decrease 
of both modulus E and nanohardness H not 

necessarily resulted with worsened performance, 
if the respective indexes Н/Е, Н3/Е2, and 1/(Е2/Н) 
increased, accordingly [32]. Table 3 presents the 
values of nanohardness H, modulus E, elastic 
strain to failure ratio H/E, resistance to plastic 
deformation index H3/E2, and index of tolerance 
to abrasion damage 1/(E2H) for the matrices 51 
wt.% Fe – 32 wt.% Cu – 9 wt.% Ni – 8 wt.% 
Sn with different percentages of the micropowder 
CrB2 and nanopowder VN added. 

The experimental results demonstrated that 
the metal matrix without any additions of CrB2 
and VN exhibited the highest modulus E, but 
the lowest hardness and all indexes Н/Е, Н3/Е2, 
1/(Е2Н). Any amount of CrB2 and VN added to 
the matrix improved its mechanical characteris-
tics. For instance, the smallest percentage of ad-
ditives in sample #3 resulted with more than 22% 
increased hardness and almost three times higher 
resistance to plastic deformation index H3/E2. De-
crease of the modulus E caused by the additions 
CrB2 and VN took place due to the microstruc-
ture refinement. It was suggested elsewhere [45] 
that this phenomenon was promoted by the phase 
transformation α→γ→α. Subsequent increase of 
the indexes Н/Е, Н3/Е2, 1/(Е2Н) is advantageous 
for the MMCs reinforced with diamonds for tool 
applications.

Particularly advantageous appeared to be ad-
ditive proportion in sample #2 with 2 wt.% CrB2 
and 4 wt.% VN. It exhibited the highest value of 
hardness and of all indexes Н/Е, Н3/Е2, 1/(Е2Н). 
Noteworthy, the same proportion ensured the 
highest density (Fig. 2) and the best contact with 
diamond grits (Fig. 3b). Presumably, this propor-
tion provided the best conditions for the sintering 
process providing the most dense and homoge-
nous structure.

Further increase of the amount of CrB2 and 
VN added to the matrix resulted with the agglom-
eration of nano-VN particles and subsequent 

Table 3. Mechanical properties of the matrices 51Fe–32Cu–9Ni–8Sn with different percentages of additions CrB2 
and VN

Sample CrB2, wt.% VN, wt.% Н, GPа Е, GPа Н/Е Н3/Е2, МPа 1/(Е2Н), GPа–3 (×10–5)

#1 ‒ ‒ 6.1 ± 0.9 172 ± 9 0.035 7.672 0.554

#3 1 2 7.5 ± 07 139 ± 8 0.054 21.842 0.690

#2 2 4 8.2 ± 1.1 124 ± 11 0.066 35.902 0.793

#6 4 4 8.1 ± 0.6 130 ± 7 0.062 31.446 0.731

#7 4 5 7.4 ± 0.9 134 ± 12 0.055 22.568 0.752

#5 2 6 7.0 ± 1.0 140 ± 10 0.050 17.508 0.729

#4 4 6 6.5 ± 0.8 154 ± 9 0.042 11.580 0.649
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micropore formation around the agglomerates. 
Thus, the addition of CrB2 above 2 wt.% and VN 
above 4 wt.% appeared to be disadvantageous in 
terms of wear resistance and durability in a rock 
cutting tools application.

Results of the strength tests, including com-
pressive strength Rcm and flexural strength Rbm, are 
shown in Table 4. Again, the metal matrix without 
any additions of CrB2 and VN exhibited the low-
est strength, so that even minimal amounts added 
improved both flexural and compressive strength. 
The smallest percentage of additives in sample #3 
increased strength Rcm by almost 60% and Rbm by 
54% in average.

Proportion of additives in sample #2 with 2 
wt.% CrB2 and 4 wt.% VN had particularly advan-
tageous effect on the strength of the metal matrix. It 
exhibited the highest values of flexural strength Rbm 
= 1250 MPa and compressive strength Rcm = 1720 
MPa, which corresponds with improvement by 69% 
and 81%, respectively, compared to sample #1. Fur-
ther increase of the concentration of CrB2 and VN 
in the matrix 51 wt.% Fe – 32 wt.% Cu – 9 wt.% 
Ni – 8 wt.% resulted with gradual weakening of the 
composite. However, the lowest strength of sample 
#4 with 4 wt.% CrB2 and 6 wt.% VN was still higher 
than that of sample #1 without additions.

Comparison of the results presented in Figure 
2 and in Tables 3 and 4 reveals the similar trend. 
Namely, addition of micro CrB2 and nano VN 
powders improved densification and increased 
hardness and wear resistance with the best char-
acteristics for 2 wt.% CrB2 and 4 wt.% VN pro-
portion. Larger amounts of the additives appeared 
to be disadvantageous from the perspective of 
cutting tools application. Other reports confirmed 
that the most advantageous percentage of CrB2 
additive in Fe–Cu–Ni–Sn was 2 wt.% [34]. As for 
vanadium nitride, 4 wt.% of VN provided maxi-
mal values of flexural strength Rbm = 1110 MPa 
and compressive strength Rcm = 1410 MPa, while 

maximum values of nanohardness H = 7.8 GPa, 
ratio H/E = 0.0366, and index Н3/Е2 = 10.46 MPa 
were reached at proportion of 8 wt.% of nano-VN 
reinforcement [17]. Combined addition of both 
substanced in proportion of 2 wt.% CrB2 and 4 
wt.% VN provided much better results.

Analysis of fracture surface 

It was found useful also to analyze the fracture 
surface in order to observe some peculiarities of 
the structural modifications with combined addi-
tion of chromium diboride and vanadium nitride 
to the Fe–Cu–Ni–Sn metal matrix. Especially in 
terms of retention of diamond reinforcing grits 
in the matrix, fractography appears to provide 
additional evidence. Examples of the SEM im-
ages of fracture surfaces obtained after impact at 
20 °С are presented in Figure 4. To illustrate the 
strength of the contact between the diamond and 
the matrix, samples #8, #9, and #11 were chosen.

The composition of the samples shown in 
Figure 4 was as follows:
 • #8: 6.25 wt.% Cdiamond ‒ (51 wt.% Fe–32 wt.% 

Cu–9 wt.% Ni–8 wt.% Sn),
 • #9: 6.25 wt.% Cdiamond ‒ (47.75 wt.% Fe–28.08 

wt.% Cu–7.89 wt.% Ni–7.02 wt.% Sn‒2 wt.% 
CrB2‒4 wt.% VN), 

 • and #11: 6.25 wt.% Cdiamond ‒ (42.71 wt.% Fe–
26.80 wt.% Cu–7.53 wt.% Ni–6.7 wt.% Sn‒4 
wt.% CrB2‒6 wt.% VN.

It can be seen in Fig. 4a that the composite 
sample #8 withstanding impact at room tem-
perature exhibited fracture along the body of its 
metal matrix. The surfaces of the diamond grit 
remained undamaged since the strength of the 
diamond itself was much higher than that of its 
adhesion to the matrix. Areas of ductile pitting 
fracture and individual facets of brittle chipping 
reveal combined ductile-brittle fracture character. 
Moreover, some micropores can be seen together 
with the irregularly shaped tear areas with signifi-
cant deformation. Added CrB2 and VN in sample 
#9 shown in Fig. 4b contributed to the formation 
of more fine-grained, loose structure of the metal 
matrix. Moreover, the surface of the diamond 
grits appears to be damaged, exposing microsteps 
after the part of upper microlayer was chipped 
away. It can be assumed that the bond between 
the diamond grit and the matrix was stronger than 
the diamond itself, causing damage of the latter 
instead of being torn of its surface.

Table 4. Strength of the matrices 51Fe–32Cu–9Ni–8Sn 
with different percentages of additions CrB2 and VN

Sample CrB2, wt.% VN, wt.% Rbm, МPа Rcm, МPа

#1 ‒ ‒ 740 ± 20 950 ± 70

#3 1 2 1140 ± 60 1510 ± 90

#2 2 4 1250 ± 50 1720 ± 90

#6 4 4 1190 ± 70 1640 ± 80

#7 4 5 1060 ± 40 1420 ± 10

#5 2 6 910 ± 30 1240 ± 80

#4 4 6 840 ± 40 1020 ± 60
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Further increase of the CrB2 and VN powders 
proportion caused weakening of the diamond-ma-
trix bonds. On the surface of the diamond exposed 
after fracture, numerous strips of the matrix mate-
rial can be seen in Fig. 4c. Thus, in the sample #11 
with higher concentration of both CrB2 and VN, 
adhesion between the diamond and the matrix ma-
terial is stronger than the bonds inside the matrix, 
but weaker than that of diamond. Additionally, mi-
crocracks in the matrix can be seen in the perpen-
dicular direction to the main fracture plane.

CONCLUSIONS

From the presented results it can be concluded 
that the proposed, modified FAST method provid-
ed fine microstructure and high relative density 

due to the high densification rate of 300 °С/min 
and short sintering time of 3 minutes. It was found 
that the combined addition of both CrB2 and VN 
promoted enhancement of the matrix composed 
of 51 wt.% Fe – 32 wt.% Cu – 9 wt.% Ni – 8 
wt.% Sn. The concentration of additives 2 wt.% 
CrB2 and 4 wt.% VN provided the highest hard-
ness of 8.2 ± 1.1 MPa, wear resistance indexes, 
and strength. The values of flexural strength Rbm 
= 1250 MPa and compressive strength Rcm = 1720 
MPa exhibited improvement by 69% and 81%, 
respectively, compared to that of the matrix with-
out CrB2 and VN additions. 

Presumably, the proportion 2 wt.% CrB2 and 
4 wt.% VN provided the best sintering ability of 
the powder mixture due to the morphology of 
the mixed powders. Larger amounts of the chro-
mium diboride and vanadium nitride promoted 

Fig. 4. SEM images of the fracture surfaces close to the diamond grits: a) sintered sample #8 without CrB2 and 
VN additions, b) sample #9 with 2 wt.% CrB2 and 4 wt.% VN, c) sample #11 with 4 wt.% CrB2 and 6 wt.% VN
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agglomeration of the particles with subsequent 
micropores formation around agglomerates, pre-
venting from full densification. As a result, con-
centrations above 2 wt.% CrB2 and 4 wt.% VN 
reduced relative density and the mechanical prop-
erties of the matrices. However, the characteris-
tics remained still better than the ones of matrices 
without addition of CrB2 and VN. 

Important feature of the examined MMCs was 
better fixation of diamond grains and enhanced 
adhesion between the matrix and diamond rein-
forcement due to the improved sintering ability of 
the powders. Analysis of SEM images, especially 
that of fracture surfaces, proved the proportion 2 
wt.% CrB2 and 4 wt.% VN to be the most advan-
tageous in terms of retention of the diamond rein-
forcement in the metal matrix. 

Among the tested compositions, the one with 
6.25 wt.% Cdiamond ‒ (47.75 wt.% Fe–28.08 wt.% 
Cu–7.89 wt.% Ni–7.02 wt.% Sn‒2 wt.% CrB2‒4 
wt.% VN) appeared to be the most promising and 
worthy further investigation. Its fabrication with 
the modified electroconsolidation method is worthy 
attention, too, due to the energy and time savings. 
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