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Abstract—The effect of the concentration of vanadium nitride additive (in the range from 0 to 10 wt
%) on the phase formation, hardness, and fracture toughness of composite diamond-containing mate-
rials based on the 51Fe–32Cu–9Ni–8Sn matrix molded by cold pressing and subsequent vacuum hot
pressing is investigated. It is found that the addition of 10 wt % of vanadium nitride to the 51Fe–
32Cu–9Ni–8Sn composite is accompanied by an increase in the hardness from 3.86 to 8.58 GPa with
a slight decrease in the fracture toughness from 5.55 to 4.76 MPa m1/2. Moreover, the H(CVN) depen-
dence has two characteristic segments that differ in the slope. The hardness increases insignificantly
(from 3.86 to 5.26 GPa) in the range of 0 < CVN < 4 wt %, while the second region (CVN > 4 wt %) is
characterized by a more substantial increase in the hardness and a more significant decrease in the
grain size. It is shown that these parameters are achieved owing to the dispersion mechanism of
strengthening and modification of the structure (a decrease in the mean particle size of the matrix
phase, the formation of new (Fe3Ni)0.5 and Cu3Fe17 phases, and the precipitation of primary and sec-
ondary phases of vanadium nitride) and phase composition of the composites.
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INTRODUCTION
The creation of composite diamond-containing materials (CDMs) based on metal matrices containing

iron, copper, nickel, and tin (Cdiamond–Fe–Cu–Ni–Sn) is of special interest for structural and functional
applications [1–5]. This is because such CDMs are widely used for the manufacture of cutting wheels,
rope saws, drill bits, and grinding and polishing tools for the stone and mining industries [6–10]. The
undoubted advantage of such CDMs in comparison with CDMs based on cobalt matrices is their plasticity
and good cutting properties, as well as low cost of iron and its nontoxicity. The interest in such materials
is also driven by the possibility of achieving high strength characteristics and maintaining a high level of
cutting properties at the same time [11, 12]. However, it is known that the action of high contact loads [13]
and temperatures [14–16] during operation results in deteorating the elastic properties of the matrix [17,
18], which leads to a decrease in the wear resistance of a CDM [19–21]. Therefore, studies on increasing
the wear resistance of existing CDMs and creating new CDMs with the necessary set of physical and
mechanical properties are especially relevant [22–24].

The vacuum hot pressing is a promising method that can improve the properties of diamond compos-
ites. In the case of using this method, the recrystallization during sintering is prevented either by lowering
the temperature and reducing the duration of sintering [25, 26] or by optimizing the shrinkage processes
[27]. To increase the quality level of mechanical properties of CDMs under consideration, additives of
transition metal compounds are introduced into their composition in quantities that are small compared
160
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to those of the main components [30, 31]. As was shown in [32, 33], the addition of up to 2 wt % of CrB2

to the composition of the matrix of the 51Fe–32Cu–9Ni–8Sn1 composite sintered at 800°C with subse-
quent hot pressing increases its wear resistance as a result of the binding of carbon that appears during
graphitization of diamond grains into nanoscale thick carbides Fe3C, Cr3C2, Cr7C3, and Cr1.65Fe0.35B0.95.
As was found in [34], the hardness and elastic modulus of the 51Fe–32Cu–9Ni–8Sn composite sintered
at 800°C with subsequent hot pressing increases with an increase in the concentration of CrB2 (in the
range from 0 to 8 wt %). At the same time, the coefficient of friction and the wear rate decrease with an
increase in the concentration of CrB2 to 2% and then increase with a further increase in the concentration
of CrB2 [35].

As was revealed in [36], the addition of CeO2, LaO3, Y2O3, and V2O5 to the CDM composition based
on a Fe-containing matrix sintered by hot pressing at a temperature of 700°C helps to improve the retain-
ability of diamonds and to increase the wear resistance of the composite. As was shown in [37], the prob-
lem of strengthening and improving the mechanical properties of hot-pressed CDMs based on the Fe–
Cu–Ni–Sn matrices at 900°C and 25 MPa can be solved by introducing the Al2O3 and Al14C3 micropo-
wder additives. In [38], the effect of the addition of SiC, Al2O3, and ZnO2 micropowders on the hardness
and wear resistance of CDMs based on the Fe–Mn–Cu–Sn matrices and prepared by spark plasma sin-
tering (SPS) was studied. Prospects for the use of these CDMs for the development of high performance
diamond tools are shown. The best indexes of mechanical properties were achieved with a processing tem-
perature of 840°C and a pressure of 25 MPa.

Vanadium nitride (VN) is promising for the use as a strengthening phase of CDM based on the Fe–
Cu–Ni–Sn matrix [25]. Vanadium nitride has a lower dissolution temperature in γ-Fe compared to car-
bides, borides, silicides, and other transition metal compounds. In addition, vanadium nitride has a
smaller crystal lattice parameter compared to other transition metal compounds, which provides minimal
dilatation at the nitride–matrix interface [39]. These two factors contribute to achieving a greater effect of
strengthening and increasing the wear resistance of the 49.47Fe–31.04Cu–8.73Ni–7.76Sn–3VN com-
posite formed by cold pressing and subsequent vacuum hot pressing at 1000°C under a pressure of 30 MPa
in comparison with the 51Fe–32Cu–9Ni–8Sn composite formed under the same conditions [40]. The
mechanism of improving the properties of the 49.47Fe–31.04Cu–8.73Ni–7.76Sn–3VN composite is that
VN dissolves in γ-Fe during sintering and precipitates as a fine-grained phase during cooling [26, 41, 42].
As was also noted in [43–45], grain size reduction in composites of other systems in the process of sinter-
ing helps to increase their mechanical and operational properties.

At the same time, there are practically no published data on the formation of phases and on the
mechanical and operational properties of the considered composites with different contents of VN addi-
tive. Numerous experimental data confirm that the samples of such composites, which differ in composi-
tion and technological regimes of the manufacture, show a substantial variation in physical and mechan-
ical properties. A change in the additive concentration often leads to changes in important charcateristics
of composite materials, such as the hardness, modulus of elasticity, fracture toughness, ductility, friction
coefficient of, wear resistance, etc. The properties (ratio of characteristics) of the composite (Fe‒Ni‒
Cu–Sn–VN) can be arbitrarily controlled due to the variability of its composition and structure. Variation
of these factors allows one to control the ratio of hardness, fracture toughness, and wear resistance.

The aim of this study was to investigate the effects of the addition of a dispersive VN powder in con-
centrations from 0 to 10% to diamond-containing materials, which are formed by cold pressing and sub-
sequent vacuum hot pressing and used in stone-cutting tools for various technological purposes, on the
formation of phases, the hardness, and the crack resistance of the matrix material based on the 51Fe–
32Cu–9Ni–8Sn composite.

EXPERIMENTAL
Starting Materials and Sintering Methods

Iron powder PZh1M2, copper powder PMS-1, nickel powder PNE, tin powder PO-1 (State Enterprise
Powder Metallurgy Plant, Zaporizhzhia, Ukraine), and vanadium nitride (CASRN 24646-85-3, ONYX-
MET, Poland) were used for sintering of composite samples. The mean particle sizes were as follows: d ≈
25 ± 10 μm for the iron powder, d ≈ 20 ± 9 for the copper powder, d ≈ 15 ± 8 μm for the nickel powder,
d ≈ 15 ± 8 μm for the tin powder, and d ≈ 0.5 ± 0.1 μm for VN. The compositions of the initial mixtures
and samples of composites are given in Table 1.

1 Hereafter, the compositions of CDMs are given in wt %.
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Table 1. Composition of the initial mixtures and sintered samples of composites (wt %)

Sample Fe Cu Ni Sn VN

1 51 32 9 8 –
2 50.745 31.84 8.955 7.96 0.5
3 50.49 31.68 8.91 7.92 1
4 50.235 31.52 8.865 7.88 1.5
5 49.98 31.36 8.82 7.84 2
6 48.96 30.72 8.64 7.68 4
7 47.94 30.08 8.46 7.52 6
8 46.92 29.44 8.28 7.36 8
9 45.9 28.8 8.1 7.2 10
The powders were dry mixed in a mixer with a shifted axis of rotation for 8 h. The specific power of the
mixer was 8 W/h. The prepared mixtures were pressed using a hydraulic press in molds made of heat resis-
tant alloys at room temperature under a pressure of 500 MPa. The briquettes were sintered in graphite
molds by vacuum hot pressing in the temperature range of 20–1000°C under a pressure of 30 MPa for 5
min [46]. After sintering, the sample billets were ground to obtain cylinders with a diameter of 9.62 mm
and a thickness of 4.84 mm. Before conducting microstructural and mechanical tests, the surfaces of the
sintered samples were polished using a diamond paste with a particle size of 1 μm and a colloidal solution
of silicon oxide particles with a size of 0.04 μm to obtain a mirror surface.

X-ray Diffraction Structural Studies and Micromechanical Properties of Samples

The crystal structure and phase composition of sintered samples of composite materials were studied
by X-ray diffractometry (XRD) using a DRON-4 diffractometer with a CuKα radiation source (λCu =
0.1542 nm). Crystalline phases in the samples were identified using the method of X-ray diffractometry.

A Falcon 500 microhardness tester (Innovates, Holland) equipped with a five-megapixel digital micro-
scope was used to determine Vickers hardness and visualize indenter imprints under a load of 25 N, and
to measure the radial crack lengths. To calculate the microhardness and crack resistance, the Falcon 500
microhardness tester was equipped with the Impressions software package, which allowed us to determine
the mechanical characteristics in a semiautomatic mode.

The microhardness was determined by the following formula:

where F is the load on the indenter in N, and dmean = (d1 + d2)/4 is the half of the average length of the
imprint diagonal in μm.

Fracture toughness KIc of the composite was determined according to [47] from the following expression:

where Φ is the constraint factor (~3), H is the Vickers hardness, C = (C1 + C2)/2 is the average length of
radial cracks measured from the center of the imprint, and k = 3.2. The value of the k factor was deter-
mined empirically using the KIc values measured by standard methods in macroscopic samples.

Considering the relationship for the Vickers hardness and the formula introduced by Evans and
Charles, the final formula for determining the crack resistance looks as follows:
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Fig. 1. X-ray diffraction patterns of the 51Fe–32Cu–9Ni–8Sn matrix materials with different contents of VN (samples
1–3). For better perception, the X-ray diffraction patterns in this and further figures are shifted in the vertical direction.
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RESULTS AND DISCUSSION
Morphology of Starting Materials

The morphology of bulk powders of iron, copper, nickel, and tin, and the initial mixtures for sintering
samples of composite materials have been studied in [48], so we just summarize these results. As was
shown in [48], there are no defects (cracks and chips) on the surface of diamond grains, which is an indi-
cation of their quality. Iron powder particles with a mean size of 25 μm have an irregular shape. Larger
iron particles formed by the adhesion of smaller agglomerate particles are also observed. Copper powder
particles with a size of 20 μm have a less dense and thinner spatial dendritic structure with pronounced
branches, which reduces the relative bulk density and prevents them from dense packing in bulk. Nickel
powder particles with a mean size of 15 μm have a rounded shape and a very dense structure, which leads
to a high packing density in bulk like in iron powders. Tin powder particles with a mean size of 15 μm have
a rounded shape, though there are also elongated particles. Inflows of metal and small particles (satellites)
were observed on their surface. The rounded shape of the particles well contributes to their dense packing
in bulk. According to [25], the particles of vanadium nitride powder have a ternary structure, namely: VN
(cubic) with a crystal lattice parameter of a = 0.4136 nm and VO2 (hexagonal) with crystal lattice param-
eters of a = 0.5743 nm, b = 0.4517 nm, and c = 0.5375 nm, which are in good agreement with the data of
the ICPDS–ASTM database [49]. The particle size of the VN powder is in the range from 0.1 to 0.7 μm
(mean size ~0.5 μm). Relatively uniform distribution of components was observed in the initial mixtures,
which is important for the subsequent sintering of composite samples.

Powder X-ray Diffraction
Figure 1 shows X-ray diffraction patterns of the 51Fe–32Cu–9Ni–8Sn matrix material formed using

the cold pressing method followed by vacuum hot pressing with different contents of VN additives. As can
be seen from Fig. 1, the same set of (110), (200), and (211) reflections of the cubic phase—the crystal lat-
tice parameter of which is a = 0.28741 nm—was recorded in the X-ray diffractograms of studied samples
1–3. The diffracton peak intensities of the (110), (200), and (211) reflections decrease in the lattice of
samples 1 and 2. This indicates a lower coefficient of crystallinity in these samples compared to sample 3.
It should be noted that the Fe, (Fe3Ni)0.5, Cu3Fe17, and some others phases have similar crystal lattice
parameters. The X-ray diffraction data cannot exactly determine which phase or their superposition is
present in these samples. However, the Fe, (Fe3Ni)0.5, and Cu3Fe17 phases may be present in their com-
position if we consider the chemical composition of samples 1–3.

In sample 4 (Fig. 2), there is a strong peak at 53.40 degrees and other peaks of the cubic phase of Cu
with a parameter of a = 0.36078 nm (75%) and the FeNi3 phase with a parameter of a = 0.35523 nm (25%).

The positions of diffraction peaks in samples 5–7 are shifted (Fig. 3), which may be associated with
deformations of the phases that are present in samples 1–3 and copper or the emergence of new phases
with different stoichiometry and new lattice parameters.
JOURNAL OF SUPERHARD MATERIALS  Vol. 44  No. 3  2022
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Fig. 2. X-ray diffraction patterns of the 51Fe–32Cu–9Ni–8Sn matrix materials with different contents of VN (samples 4–7).
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Fig. 3. X-ray diffraction patterns of the 51Fe–32Cu–9Ni–8Sn matrix materials with different contents of VN (sam-
ples 4–7) in the region of the Cu (111) ref lection.
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Thus, the diffraction peaks in the X-ray diffractograms of samples 8 and 9 indicate a decrease in the
grain size compared to that of samples 1–7. 

As a result, an increase in the parameter of crystalline lattices from a = 0.28741 nm in samples 4–9 con-
taining vanadium nitride additives in concentrations from 1.5 to 10% to a = 0.4124 nm in samples 1–3
containing vanadium nitride additives in smaller amounts (from 0 to 1%) was observed, which may be
caused by deformations of the phases that are present in samples 1–3 and copper or the emergence of new
phases with different stoichiometry and new lattice parameters. At the same time, vanadium nitride par-
tially dissolves in γ-Fe at a temperature of ~980°C during sintering of samples 4–9 and is released as an
independent dispersed phase with simultaneous grain disintegration during cooling [25]. All this can have
an effect on the physical and mechanical properties of sintered composites.

Mechanical Properties of Samples
A substantial increase in the hardness measured by Vickers pyramid indentation of sintered 51Fe–

32Cu–9Ni–8Sn composites was revealed with an increase in the VN concentration. The effects of the
content of VN on the mean measured hardness values (H) of sintered samples of the 51Fe–32Cu–9Ni–
JOURNAL OF SUPERHARD MATERIALS  Vol. 44  No. 3  2022
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Fig. 4. X-ray diffraction patterns of the 51Fe–32Cu–9Ni–8Sn matrix materials with different contents of VN (samples 8 and 9).
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8Sn composite and on the calculated critical crack resistance coefficient (fracture toughness) are shown
in Fig. 5. As seen from curve 1 (Fig. 5a), the H(CVN) dependence has two characteristic segments that dif-

fer in the slopes. In the range of 0 < CVN < 4%, the hardness increases slightly (from 3.86 to 5.26 GPa).

The second region (CVN > 4%) is characterized by a more substantial increase in the hardness. Thus, the

hardness in the case of CVN = 10% increases to 8.58 GPa. As a result, it is found that the H(CVN) depen-

dence has a maximum at CVN = 10%. It should be noted that VN acts as a strengthening additive in the

51Fe–32Cu–9Ni–8Sn composite and has a positive effect on its structure (causes fragmentation of the
structure) [25] and mechanical properties (increases hardness and wear resistance) [41]. The effect of
CrB2 added in the amount of 2% and technological regimes of hot pressing on the strength characteristics

of the matrix material of the 51Fe–32Cu–9Ni–8Sn CDM was studied in [33]. It was found that the addi-
tion of 2% CrB2 to the composition of the 51Fe–32Cu–9Ni–8Sn composite increases its microhardness from

2.93 to 4.12 GPa. Comparison of the obtained results with the published data [33] shows the promising poten-
tial of the developed composites for the use in stone cutting tools for various technological purposes.

On the contrary, the study of vanadium nitride content in the composition of the 51Fe–32Cu–9Ni–
8Sn composite revealed a slight decrease in fracture toughness KIc. The maximum value equal to KIc =

5.35 MPa m1/2 was observed in sample 1 with zero concentration of vanadium nitride. At the same time,
the matrix material is barely destroyed in the vicinity of the imprint (cracks are almost invisible). As was
found from microindentation of sample 2 (CVN = 0.5%), the fracture toughness decreased to KIc =

5.16 MPa m1/2 and cracks slightly larger than those in sample 1 were observed in the matrix near the
indenter imprint. A further increase in the content of VN in the composition of the 51Fe–32Cu–9Ni–
8Sn composite leads to a further insignificant decrease in the fracture toughness. This fact is nontrivial
and noteworthy, since the structural changes in the material usually affect the hardness and fracture
toughness in different ways. Figures 5b–5d show, as an example, the microphotographs of Vickers pyra-
mid imprints formed in samples of the 51Fe–32Cu–9Ni–8Sn with vanadium nitride concentrations of 0,
4, and 10% (samples 1, 6, and 9, respectively). The appearance of pronounced radial cracks in the vicinity
of the Vickers pyramid imprints in samples 6 and 9 (see Figs. 5c and 5d) in comparison with sample 1 (see
Fig. 5b) indicates some embrittlement of the material containing the VN additive in the amounts of 4 and
6%, respectively.

The observed nonmonotonic dependences of the strength of the studied composites on the VN content
are the result of a complex combination of the dispersion mechanism of strengthening and modification
of the structure and phase composition of the composites. It should be noted that the efficiency of the
mechanism of dispersion hardening increases with an increase in concentration CVN, but the maximum

values of fracture toughness are reached at CVN = 0. Such a change in the properties of sintered composites

may correspond to changes in the phase composition after sintering and formation of the final structure.

Therefore, the absence of a direct dependence of the structural changes on the phase composition of
the 51Fe–32Cu–9Ni–8Sn composite and the contribution of the mechanism of dispersion hardening to
the concentration of VN cause nonlinear behavior of the H(CVN) and KIc(CVN) dependences.
JOURNAL OF SUPERHARD MATERIALS  Vol. 44  No. 3  2022
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Fig. 5. (a) Dependences of the hardness and fracture toughness of the 51Fe–32Cu–9Ni–8Sn alloy samples on the con-
centration of VN, and microphotographs of the indenter imprints formed in the 51Fe–32Cu–9Ni–8Sn samples with
vanadium nitride concentrations CVN of (b) 0, (c) 4, and (d) 10 wt %.

3

4

5

6

7

8

9

0 2 4 6 8 10
4.6

4.8

5.0

5.2

5.4

5.6

(а)

10 μm

(d)

(b) (c)

10 μm

10 μm

CCrB2
, %

H
V , 

G
P

a

K
Ic

 , 
M

P
a

 m
1

/
2

Thus, it is experimentally confirmed that the use of vanadium nitride micropowder for the production
of CDMs based on metal matrices with high mechanical properties by cold pressing and subsequent vac-
uum hot pressing is promising for the production of highly efficient tools used in the stone cutting indus-
try. At the same time, it is necessary to strictly adher to the optimal ratio of components, since exceeding
the threshold value of the VN concentration gives rise to some decrease in the fracture toughness and may
reduce the wear resistance of the composite.

CONCLUSIONS

The addition of vanadium nitride has an effect on the phase formation and mechanical properties of
samples based on the 51Fe–32Cu–9Ni–8Sn composite formed by the method of cold pressing and sub-
sequent vacuum hot pressing. The nature of the effect and the effectiveness of the additive depend on the
concentration of VN.
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Sintered samples of the 51Fe–32Cu–9Ni–8Sn composites with VN contents in the range from 0 to
1% (samples 1–3) consist of the Cu, Fe, (Fe3Ni)0.5, and Cu3Fe17 structural phases. An increase in crystal

lattice parameter a from 0.28741 nm in samples 4–9 containing vanadium nitride additives from 1.5 to
10% to 0.4124 nm comporad with samples 1–3 is observed, which which may be caused by deformations
of the phases that are present in samples 1–3 and Cu or the emergence of new phases with different stoi-
chiometry and new lattice parameters. Moreover, an additional VN phase with a lattice parameter of a =
0.4124 nm is present.

The addition of 10% vanadium nitride to the composition of the 51Fe–32Cu–9Ni–8Sn composite
causes a substantial increase in the Vickers hardness at a load of 25 N (from 3.86 to 8.58 GPa) with a slight

decrease in the fracture toughness (from 5.55 to 4.76 MPa m1/2). At the same time, the H(CVN) depen-

dence has two characteristic segments that differ in the slope. The hardness slightly increases in the range
of 0% < CVN < 4% (from 3.86 to 5.26 GPa), while the second segment (CVN > 4%) is characterized by a

more substantial increase in the hardness.

The nonmonotonic dependences of the strength of the studied composites on the VN content are
caused by a complex combination of the dispersion mechanism of strengthening and modification of the
structure and phase composition of the composites. At the same time, samples of the 51Fe–32Cu–9Ni–
8Sn composites with vanadium nitride concentrations of 4, 6, 8, and 10% (samples 6–9, respectively)
show an increase in crystal lattice parameter a from 0.28741 to 0.4124 nm, which may be a result of phase
deformations present in samples 1–3 and the Cu phase or the emergence of new phases with different stoi-
chiometry and new lattice parameters.

The synthesis of Fe‒Cu–Ni–Sn‒VN composite materials with enhanced physical and mechanical
properties is important for developing tools for various technological purposes, increasing their reliability,
and improving the performance.
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