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A B S T R A C T

In the present study, in-situ production of Ni-VC nanocomposite powder synthesized from several raw materials
including NiO, V⁠2O⁠5, Mg and C, was carried out through mechanochemical approach by means of magnesio-
thermic reaction. Due to high adiabatic temperature (T = 3964 K), this reaction is known as a self-propagating
reaction or MSR. Raw materials were mixed at 1:1:6:2 stoichiometric ratios of nickel oxide, vanadium oxide,
magnesium and graphite, respectively. Milling process was carried out in a high-energy planetary ball mill under
argon atmosphere with various ball-to-powder weight ratios (15:1, 20:1 and 25:1) for the aim of obtaining the
optimum ball-to-powder weight ratio to reduce the synthesis time. After milling for 30 min and 40 min, combus-
tion occurred in the milling vial for 25:1 and 20:1 ball-to-powder weight ratios, respectively. The microscopic
properties of milled nanocomposite powders were investigated by X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). According to XRD patterns,
after combustion reaction, anticipated products including nickel, vanadium carbide (VC) and magnesium oxide
(MgO) were totally produced. To remove undesirable MgO phase, leaching process (1 M HCl at 80 °C for 1 h)
was used. According to XRD and X-ray-mapping analyses before and after the leaching process, HCl dissolved
MgO phase thoroughly. Additionally, crystallite size and lattice strain were calculated based on Williamson-Hall
method; these values were calculated 54 nm and 0.00615 for VC, while they were 40 nm and 0.00595 for nickel,
respectively. Moreover, according to TEM micrograph, the morphology of the particles after leaching process
was found to be spherical with the size of 50 ± 5 nm.

1. Introduction

By considering the high hardness, abrasion resistance, thermal and
chemical stability, thermal shock resistance and high corrosion resis-
tance properties, researchers have recently focused on development and
improvement of cermets. Chemical and physical stability of cermets
make them ideal to be used as cutting tools, forming tools and wear re-
sistant components such as drilling coverings and molds [1]. Since typ-
ical cermets mostly contain a carbide phase and metal binder, nickel
is conventionally used as a metallic binder [2]. This is because Ni has
a good wettability with carbide-reinforcement particles [3] and can
be used as a binder to increase the nanocomposite toughness. In this
sense, with the presence of a hard phase (carbide) and a soft phase

such as Ni, both high hardness and toughness properties are introduced
to the composite. While several studies have been carried out on cer-
mets with a variety of carbide systems such as NbC, WC, TaC, ZrC, HfC,
TiCN, etc., few have been done on nickel matrix and VC reinforcement
[3–8].

One of the most widely used techniques to manufacture cermets
is self-propagating high-temperature synthesis, which has developed
most of the current advanced materials. The process of self-propagat-
ing high-temperature synthesis can be divided into three basic stages:
(i) ignition, (ii) combustion wave passing through and (iii) product cool-
ing. Combustion synthesis is a method based on thermal properties of
some exothermic reactions in which a significant amount of heat is gen-
erated through reaction of small amounts of raw materials. The gen-
erated heat can provide the activation energy required for the adja-
cent unreacted layers of raw materials, and therefore the reaction prop
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agates to the other parts as well. The final products are produced when
the reaction is completed for the whole sample. The advantages of com-
bustion synthesis approach are simplicity, cost-effectiveness, time-effec-
tiveness, high purity of the products and possibility of simultaneous for-
mation of the cermet [9–12]. Also, it is shown that cermets produced by
solid-state sintering approach have superior properties than those pre-
pared by conventional methods. Since in most conventional methods,
a heat treatment step is imposed on the material, grain growth is in-
evitable. On the other hand, physical and mechanical properties of the
material are directly dependent on the grain size, i.e. the smaller the
size of the grain, the more desirable mechanical properties are [13]. In
the meantime, it is possible to produce a variety of advanced materi-
als, including carbides [13], nitrides [14], borides [15], and nanocom-
posites [16] in the shortest possible time by means of mechanochemi-
cal method [17]. This method is coupled with the milling process and
gives rise to grain fineness in the minimum production time that pro-
vides the optimum conditions for mechanical properties. To our best
knowledge, no study has been so far carried out on in-situ synthesis of
Ni-VC nanocomposites. For this purpose, the synthesis of VC was inves-
tigated separately. VC synthesis has been done by different techniques
such as direct reaction of components [18], reaction at specific temper-
atures [19,20], reduction by gas carbonization [21,22], mechanical al-
loying [23], salt-bath electrolysis, chemical deposition and chemical va-
por deposition (CVD) [24]. VC was first synthesized by heating V⁠2O⁠5
and sugar charcoal in the absence of air. In other methods, reaction of
vanadium hydride and carbon is carried out in 2000 °C under reductive
atmosphere. However, these methods demand high temperature and are
not cost-effective [24].

Attempts were already made to synthesize VC at the lowest possible
temperature and minimum time. Zhang and Li [18] reduced V⁠2O⁠5 in the
presence of Mg and carbon and synthesized VC after 36 h of milling.
Nikolaenko et al. [25] investigated the synthesis of VC powder by heat-
ing and using two methods: by liquid phase deposition with a furnace
at temperature range of 1100–1200 °C under argon atmosphere, and at
low temperature by microwave method with V⁠2O⁠5, HN⁠4OH and carbon
as precursors; which V⁠8C⁠7 was obtained after drying the materials at
120 °C. Mahajan et al. [26,27] used V⁠2O⁠5, Mg, and acetone as a carbon
source for synthesis of VC nanoparticles. The process was completed by
heating the materials in a furnace for 5 h and 18 h at 800 °C. As a re-
sult, synthesis reaction occurred and VC was generated. Liu et al. [28]
employed NH⁠4VO⁠3 precursor for synthesis of VC nanoparticles and re-
sults showed that VC nanoparticles were synthesized after a heat treat-
ment process at 900 °C for 1 h. In a similar attempt, Zhao et al. [29]
used NH⁠4VO⁠3 precursor with carbon in an aqueous solution where they
obtained V⁠8C⁠7 at 150 °C after drying. Elsewhere, Hassanzadeh-Tabrizi et
al. [30] produced VC nanopowder by MSR type of mechanochemical ap-
proach in a time period of 80 min. The investigation was in parallel with
a previous study [31] where synthesis took as long as 1440 min. In the
above-mentioned studies, a number of difficulties were reported includ-
ing agglomeration, inappropriate distribution, impurities, and non-re-
acted precursors. All in all, it is clear that methods employed in previous
research requires high temperature, long time and high cost.

The main purpose of this research, however, is to produce Ni-VC
nanopowder composite by means of in-situ mechanochemical synthesis
from raw oxide materials at ambient temperature without an expensive
heat treatment. Also, in this study, ball-to-powder weight ratio was ex-
amined as a milling parameter affecting the synthesis time.

2. Materials and methods

2.1. Raw materials

All materials including NiO (99.5%, < 200 µm), V⁠2O⁠5 (99.7%,
250 µm), Mg (99.8%, < 400 µm) and graphite (% 95, < 0.3 µm) were

obtained from Merck Co. and used as-received to produce Ni-VC
nanocomposite powder.

2.2. Nanocomposite synthesis

In order to perform in-situ production of Ni-VC nanocomposite,
a powder mixture of NiO, V⁠2O⁠5, Mg and graphite at 1:1:6:2 M ra-
tios was milled by different time intervals, respectively. The ball mill
process was performed in a planetary ball mill (FP model X200, Iran)
with ball-to-powder weight ratios of 15:1, 20:1, 25:1 at 600 rpm under
99.99% pure argon atmosphere and 6.5 gr powder for all ball-to-pow-
der weight ratios. In every step of the ball milling process, the produced
powder was analyzed by XRD to assess the phase transformation during
the process. Then, HCl 1 M solution was used to remove MgO phase at
80 °C for 1 h [32].

2.3. Characterization

X-ray diffraction device (Philips model PW3040, Netherlands) was
used for phase analysis in the range of 2θ = 10–90° and 0.05° step
size in voltage of 30 kW and current of 30 mA. In all experiments,
X-ray CuKα monochromatic wavelength (λ = 1.5405 Å) was employed.
To identify the phases, X′Pert HighScore software was employed. Ex-
amination of powder particles was carried out by FE-SEM (Cam Scan
model MV2300), energy dispersive spectroscopy (EDS) analysis, map-
ping analysis and TEM under accelerating voltage of 120 kV (Philips
model CM120, Netherlands) to investigate the morphology and deter-
mine the particle size of nanocomposite samples.

2.4. Thermodynamic calculations

In order to evaluate the thermodynamic behavior and calculate free
energies, the enthalpy of formation and the adiabatic temperature of the
reactions, HSC Chemistry software version 5 and Eq. (1) [33] were uti-
lized.

(1)

where C⁠p, ΔH°298 and ΔQ are specific heat capacity, standard enthalpy
changes of formation at 298 K and heat of reaction, respectively. When
the adiabatic temperature gets higher, the self-propagating high-temper-
ature reaction possibility increases as well. The total released heat by a
process is usually a thermodynamic driving force for the process itself.
For a self-propagating combustion process to be done, the released heat
must be more than the heat given to the surrounding.

2.5. Crystallite size and lattice strain calculations

The Williamson-Hall equation (Eq. (2)) was used to obtain the size
of the crystallites as well as the lattice strain of the Ni-VC composite;
details are given in [34].

(2)

In this equation, β is the full width at half maximum (FWHM) of the
Bragg peak , d is the crystallite size, λ is the X-ray wavelength, θ is the
diffraction angle and ε is the lattice strain.

2
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3. Results and discussion

3.1. Thermodynamic aspects of reactions

To further investigate the thermodynamic behavior of possible re-
actions, the possibility of each reaction was first determined and then
relative diagrams were plotted for different temperatures. Also, in or-
der to predict the gradual or instant type of mechanism of the process,
theoretical adiabatic temperature of the reactions was calculated us-
ing thermodynamic data to predict the type of reaction in milling vial.
The theoretical process of the Ni-VC nanocomposite production by the
mechanochemical process of raw oxide materials can be divided into
following steps. It is worth noting that all these steps practically took
place in a few seconds after the combustion occurred in the milling vial.

3.1.1. Investigation of the reduction system by carbothermic reactions
In presence of graphite as a reducing agent, reduction of V⁠2O⁠5 and

NiO phases is very unlikely to occur. Therefore, the standard enthalpy
and Gibbs free energy data presented in reactions (3) and (4) show that
this reaction is endothermic. Moreover, the possibility of its occurrence
is unpredictable.

(3)

(4)

According to thermodynamic data presented in reaction (5), an
highly endothermic reaction was observed in the triple system of V⁠2O⁠5,
NiO and graphite; and similar conditions were seen for binary reactions.

(5)

3.1.2. Reduction system by magnesiothermic reaction
In the presence of Mg, reduction of NiO (reaction (6)) and V⁠2O⁠5

(reaction (7)) are highly exothermic reactions mostly due to the neg-
ative free energy and negative enthalpy. Thermodynamically, the re-
actants are susceptive to be reduced during milling process. Both re-
actions result in release of 361,900 J/mol and 1,456,998 J/mol heat,
while the calculated adiabatic temperatures are 3106 and 4188 K, re-
spectively. Moreover, this indicates that the reaction is a self- propagat-
ing high-temperature.

(6)

(7)

Given the thermodynamic prediction of the presence of NiO, V⁠2O⁠5
and Mg in reaction (8), given the negative enthalpy, the negative free
energy and adiabatic temperature of 3861 K, it is clear that conditions
similar to binary reactions occur and both reactants can act as reduc-
tant, too.

(8)

In fact, according to thermodynamic calculations, Mg acts as the re-
ducing agent and reduces both NiO and V⁠2O⁠5 phases.

In the next step (reaction (9)), vanadium is reduced during the
milling and produces VC phase. This reaction leads to release of
201668 J/mol heat with an adiabatic temperature of 2214 K.

(9)

Nickel acts as a metallic base in nanocomposite and shows no car-
bide production in the presence of vanadium due to its poor tendency to
form carbide. Hence, the reaction of carbide vanadium production (re-
action (10)) leads to a release of 1,658,000 J/mol heat and an adiabatic
temperature of 4341 K.

(10)

Finally, the general form of Ni-VC composite reaction is given as re-
action (11) accompanied by the release of 2,020,566 J/mol heat and an
adiabatic temperature of 3964 K.

(11)

The adiabatic temperature of chemical reactions exceeds the critical
value (1800 K). Therefore, these chemical reactions seem to progress
as self-propagating high-temperature mechanically-induced reaction
(MSR) [35]. So it is necessary that the initial activation energy to be
supplied by either thermal or mechanical sources. On the other hand,
considering the high energy (∆H°⁠298 = − 2,020,566 J/mol) released
by reaction (11), it is predicted that the chemical reaction occurs along
with a combustion in milling vial.

Figs. 1 and 2 illustrate the standard enthalpy changes and free en-
ergy of formation of reactions of this system, respectively. According to
these diagrams, the standard enthalpy changes of formation and free en-
ergy of reactions lie in the negative part of the diagram implying pos-
sibility of the reactions (ΔG < 0) and highly exothermic status of the
reactions (ΔH < 0). Besides, the in-situ production of Ni-VC nanocom-
posite (reaction (8)) is located in the negative side of the graph. For this
reason, this reaction holds a more appropriate condition and higher pri-
ority than the other two reactions.

Considering the above-mentioned reactions and calculations, it is ev-
ident that all magnesiothermic reactions are exothermic and thermody-
namically possible, but the carbothermic reactions are endothermic.

3
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Fig. 1. Changes in formation heat vs. temperature variations.

Fig. 2. Free energy vs. temperature variations.

3.2. The effect of ball-to-powder weight ratio

Since the mechanical activation is a complex process, it is signifi-
cant to optimize the affecting factors on the process in order to pre-
pare the phase or the desired structure in the shortest possible time. In
this study, effect of ball-to-powder weight ratio on in-situ production of
Ni-VC nanocomposite was examined to obtain the optimum weight ra-
tio of ball-to-powder during synthesis time.

Figs. 3–5 represent the XRD patterns of raw materials powder mix-
ture at different time intervals of the milling process for ball-to-pow-
der weight ratios of 15:1, 20:1 and 25:1, respectively. As it is evident,
for the specimen with the ball-to-powder weight ratio of 15:1 (Fig. 3),
the milling is kept on for 120 min and neither combustion occurs dur-
ing this time, nor displacement reaction occurs between oxide materi-
als (NiO, V⁠2O⁠5). Similarly no reduction agents (Mg, C) are generated.
This suggests that 15:1 ball-to-powder weight ratio failed to provide
the required energy for mechanical activation. In this case, more time
should be spent on milling process or an additional operation such as
heat treatment is required. Nevertheless, the combustion reaction oc-
curs in milling vial after 40 min and 30 min with the weight ratio of
ball-to-powder 20:1 and 25:1, respectively.

The reduction of reaction time from 40 min to 30 min for the sam-
ple with 25:1 ball-to-powder weight ratio compared to the one with
1:20 ratio can be attributed to the amount of extra-generated energy.
This results in the production of composite in shorter time (30 min
milling). Besides, results of previous studies [36] demonstrated that the

Fig. 3. XRD patterns of NiO, V⁠2O⁠5, Mg and C powder mixture which was milled at differ-
ent milling times with 15:1 ball-to-powder weight ratio.

Fig. 4. XRD patterns of NiO, V⁠2O⁠5, Mg and C powder mixture which was milled at differ-
ent milling times with 20:1 ball-to-powder weight ratio.

Fig. 5. XRD patterns of NiO, V⁠2O⁠5, Mg and C powder mixture which was milled at differ-
ent milling times with 25:1 ball-to-powder weight ratio.

4
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size of crystallites and the time required for the formation of phases
decreased with increasing the ball-to-powder weight ratio, possibly be-
cause the impact energy between the balls and the balls-vial collisions
increases by increasing the weight of the balls. Similarly, the required
time for reduction and formation of phases is significantly affected by
growth per collision.

It is in accordance with the formulation of the specific work WT
(grinding energy divided by the mass of the material that is being
ground) a planetary ball mill:

(12)

where m⁠1, m⁠2, b, n, τ and D are the mass of grinding media, the mass of
material charge, acceleration, speed, grinding time and drum diameter,
respectively [37]. It is clear that for a specific amount of WT, increasing
in caused to decrease the necessary grinding time.

3.3. Survey of phase transformations

Fig. 6 shows XRD pattern of raw materials before milling. Regarding
the pattern, no product is produced within the first 20 min of the reac-
tion and the raw materials remained as oxides. However, only due to
milling process, the intensity of the peaks reduces and the width of the
peaks increases.

In order to investigate this in more details, the main two peaks of
V⁠2O⁠5 phase were carefully examined at time intervals of 0 and 20 min
(Fig. 7). As it can be seen, after 20 min milling, intensity of the peaks
decreased and peak was broadened. During the milling process, the den-
sity of crystallographic defects in the structure increases due to frequent
contact of the balls with powder particles which is mainly due to plastic
deformation and cold-working. These defects can include dislocations,
vacancies, and grain boundaries [38,39]. Increase of dislocations causes
these imperfections to be locked in each other and the so-called powder
became strain hardened. Therefore, this event results in grain bound-
ary fracture due to collision of balls with powder particles, reducing the
crystallite size and creating new surfaces.

In fact, the occurrence of mechanical operation in the powder re-
sults in high density of dislocation in powder particles. The raise of
dislocation density other crystallographic defects remove atoms from
their random position in the crystal lattice; therefore, the crystal lattice
would have an elastic deformation and the space between their atomic
planes would be changed. Hence, a distinctive crystalline plane with

Fig. 6. XRD patterns of NiO, V⁠2O⁠5, Mg and C powder mixture which was milled with 25:1
ball-to-powder weight ratio at: (a) 0 min, (b) 20 min, and (c) 30 min.

Fig. 7. Changes in the initial peaks intensity of V⁠2O⁠5 at: (a) 0 min and (b) 20 min.

different diffraction angles, close to each other, can be applied in Brag-
g's law. Additionally, peaks close to each other for a given plane turn
out to be a broad peak. Reduction in the crystallite size is a key factor
that leads to broadening of the peaks.

When the grains become finer, the number of crystalline planes in
the grain decreases. In other words, the number of planes that should
make constructive interference decreases and Bragg's angles are not re-
moved. Hence, Bragg's angles would be diffracted too and so a broad
peak would appear [39].

By increasing the milling time, new interfaces are continuously pro-
duced. As a result, the interface between Mg (reduction agent) and
the initial oxide materials (V⁠2O⁠5, NiO) increases. All defects caused by
milling process are responsible for formation of new interfaces in the
structure and shortened the diffusion paths [38,39]. Atoms in the in-
terfaces deviate from the equilibrium state and make use of energy to
destabilize the atoms balance, so the atoms interfaces keep a higher
energy level. Thermodynamically, each system tends to reach the low-
est possible energy level. The displacement reaction between oxides
(V⁠2O⁠5, NiO) and the reducing agent (Mg) occurs due to favorable re-
duction conditions with respect to presence of Mg in the system in
30-min milling time. High amount of energy released from the com-
bustion process causes the combustion in the vial to reduce the adja-
cent particles in the shortest amount of time. Likewise, the heat released
from NiO and V⁠2O⁠5 reduction reactions provides the activation energy
required for reaction between V and C. Also, VC phase would be pro-
duced in accordance with reaction (7).

3.4. Individual examination of NiO-Mg and V⁠2O⁠5-Mg-C systems

According to the previous study [30], VC was mechanochemically
synthesized in a reaction time of 80 min individually (based on reaction
10). Also, Fig. 8 indicates XRD patterns in 0 min and 8 min time inter-
vals for nickel alloy production system. In this system, combustion reac-
tion occurs in the combustion vial within 8 min after the beginning of
milling process that results in the production of nickel alloy and MgO.
Firstly, it can be concluded that although thermodynamically, the pos-
sibility of VC production was higher than metallic nickel production
and the kinetics of this reaction was much faster (8 min). Secondly, in
in-situ production system of Ni-VC composites, the start of the combus-
tion reaction was induced by reduction of NiO particles and the combus-
tion wave of these particles led to reduction of other adjacent particles,
i.e., V⁠2O⁠5, which caused the reaction to take place completely within
30 min.

5
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Fig. 8. XRD patterns of transformation in NiO-Mg system: (a) before milling, (b) after the
combustion (8 min milling).

Fig. 9. XRD patterns after 30 min of milling, before and after leaching.

3.5. Elimination of MgO phase in NiO-V⁠2O⁠5-Mg-C system

Fig. 9 shows the XRD patterns before and after the leaching process.
It indicates that MgO phase was completely removed during leaching
process, emphasizing that HCl dissolved MgO phase entirely and the
process was successful. Finally, with respect to XRD patterns, Ni-VC
nanocomposite powder remained in the system after leaching process.
Mapping analysis was used to verify the results of our study.

Fig. 10 illustrates the X-ray mapping of the synthesized powder be-
fore leaching. Accordingly, analysis of X-ray mapping shows the pres-
ence of MgO, nickel and VC phases, which represents the Ductile-Brit-
tle system after milling. It is clear that particle agglomeration occurred
too. A major drawback of material production through mechanochemi-
cal method is entrance of contaminations and impurities, such as iron,
due to frequent collisions of the balls with the walls of the milling vial
with increasing milling time. EDS analysis was performed before and
after the leaching process in order to determine the impurity contam-
ination of the synthesized powder. EDS analysis both before and after
leaching process shows that the balls and the mill walls did not intro-
duce any impurities, such as iron, to the synthesized powder.

Fig. 11 shows the FE-SEM micrograph and X-ray mapping analysis
of the synthesized powder after leaching process. EDS analysis reveals
that MgO phase was completely eliminated, which is consistent with the
results of XRD patterns. Thus, it is obvious that leaching process is suc-
cessfully performed. Similarly, the mapping analysis reveals that VC re-
inforcement particles were uniformly distributed in nickel matrix both
before and after leaching process. Therefore, this can be considered as
one of the main advantages of in-situ mechanochemical nanocomposite
production.

3.6. Morphology evaluation of Ni-VC nanocomposite

Figs. 12 and 13 present FE-SEM micrographs of nanocomposite pow-
der before and after leaching process at different magnifications. The
production reaction of Ni-VC nanocomposite was extremely exothermic
and accompanied by combustion. This released heat and combustion
caused melting of particles' surfaces and made the particles bond to-
gether. This can be seen thoroughly before the leaching process (Fig.
12). However, the particle fusion was removed due to complete disso-
lution of MgO phase in HCl. In addition, the particle agglomeration can
be easily observed in images obtained after leaching process.

Fig. 10. X-ray mapping analysis and EDS analysis before the leaching process.

6
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Fig. 11. X-ray mapping analysis and EDS analysis after the leaching process.

Fig. 12. FE-SEM micrographs of the powder particles before the leaching process. (Yellow arrows in the Fig. represent the fused areas due to combustion).

Fig. 13. FE-SEM micrographs after the leaching process.

7
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Each system tends to reduce its energy level, this can be achieved
by agglomeration process, thus, tending to reduce the specific surface
area of particles which can intensify the agglomeration process and ther-
modynamically increase the level of the free energy [40]. According to
FE-SEM images, it can be said that the size of these particles reduced
to values lower than 100 nm after leaching process which confirms the
nanoscale structure of these agglomerates.

3.7. Calculation of crystallite size of NiO-V⁠2O⁠5-C-Mg system

Fig. 9 depicts XRD pattern of Ni-VC nanocomposite powder after
leaching process. To obtain crystallite size using Williamson-Hall rela-
tion, the βCosθ data was calculated with respect to Sinθ and was plot-
ted for different peaks of nickel and VC according to Figs. 14 and 15.
Then, lattice strain and crystallite size were calculated from the slope
and y-intercept of the fitted line, respectively. Hence, the crystallite size
and lattice strain for VC were 54 nm and 0.00615 while for nickel they
were 40 nm and 0.00595, respectively.

Fig. 16 represents TEM micrograph of nanocomposite powder after
leaching process. According to the image, it can be said that the parti-
cles morphology was semi-spherical. Similarly, the average particle size
was 55 ± 5 nm, which confirmed the calculations of Williamson-Hall
equation and highlighted the nanoscale structure of the produced com-
posite powder.

Fig. 14. βcosθ vs. Sinθ diagram for VC powder.

Fig. 15. βCosθ vs. Sinθ diagram for nickel powder.

Fig. 16. TEM micrograph of nanocomposite powder after leaching.

4. Conclusions

In summary, the purpose of this study was to prepare Ni-VC
nanocomposite powder from NiO, V⁠2O⁠5, Mg and C through
mechanochemical approach by means of magnesiothermic reaction
without a costly heat treatment.

The results of this research are summarized as follows:

i) Due to thermodynamic behavior of Ni-VC nanocomposite produc-
tion, MSR reaction was found to be suitable for reduction process.
With regard to adiabatic temperature (3964 K), the reaction pro-
ceeded as a self-propagating high-temperature synthesis. So, due to
the large amount of released heat (− 2,020,566 J/mol), this reac-
tion is accompanied by combustion.

ii) With increasing the ball-to-powder weight ratio, the required time
for nanocomposite synthesis decreased, which was due to high gen-
erated energy released from the balls collision to the particle sur-
faces.

iii) Ni-VC nanocomposite powder was successfully synthesized via
mechanochemical approach within 30 min of milling. According to
microscopic evaluation and EDS analyses, no impurities like iron
entered from balls or vial walls during milling process.

iv) According to XRD patterns and X-ray mappings of nanocompos-
ite powder both before and after the leaching process, MgO which
was a byproduct of this reaction was completely removed from
nanocomposite powder by 1 M HCl within 60 min at the tempera-
ture of 80 °C.

v) The crystallite size and the lattice strain of the nickel and VC pow-
der were calculated using Williamson-Hall equation after leaching
process. Eventually, the average crystallite sizes of 40 and 54 nm,
and the lattice strain of 0.00595 and 0.00615 were reported for
nickel powder and VC, respectively.

vi) According to TEM micrograph, the particle size was about 55
± 5 nm, which confirmed the calculated crystallite size through

8
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Williamson-Hall relation. Also, the particles morphology was
semi-spherical .

vii) According to FE-SEM images after combustion, due to released
heat, the surfaces of the particles were partially melted and par-
ticle fusion was occurred. Whereas, after leaching process, due to
removal of MgO phase, particles were separated from each other.
Again high free surface of particles led to agglomeration.
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