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Abstract: Metal matrix composites with a matrix of refractory metals (niobium, tungsten) and rein-
forcing nanodiamond particles were prepared for studying the possibility of decreasing the starting
temperature of carbide synthesis. The size of primary nanodiamond particles was 4–6 nm, but they
were combined in large-sized agglomerates. Mechanical alloying was used for producing the compos-
ites by crushing agglomerates and distributing nanodiamonds evenly in the metal matrix. The initial
and fabricated materials were investigated by X-ray diffraction, differential scanning calorimetry,
and transmission and scanning electron microscopy. Thermal processing leads to the reaction for
carbide synthesis. Studies have found that the usage of carbon nanoparticles (nanodiamonds) as
precursors for fabricating carbides of refractory metals leads to a dramatic decrease in the synthesis
temperature in comparison with macro-precursors: lower than 200 ◦C for tungsten and lower than
350 ◦C for niobium.

Keywords: metal matrix nanocomposites; nanodiamonds; carbides of refractory metals; mechanical
alloying; in situ synthesis

1. Introduction

In recent years, interest in carbon nanoparticles and their applications in many fields of
science and technology has grown [1–4]; examples include fullerenes and carbon onions [5–7].
There are many studies of detonation synthesis nanodiamonds [8–11]. Like all nanopowders,
nanodiamonds are subject to agglomeration, and combine into large aggregates. The size
of primary nanodiamond particles is 4–6 nm (a small portion of them reach 10 nm) [12],
but they are all combined in agglomerates, which can reach millimeters in size (Figure 1).
Bonds in agglomerates are weaker in comparison with the monolithic material. If the aggl
omerate is placed in a metal matrix composite, it will be destroyed by the application of
load. This can lead to the destruction of the whole material because of the generation of the
stress concentrator. On the other hand, during in situ synthesis (i.e., the chemical reaction of
nanodiamonds with the material of the matrix) if there are agglomerates of nanoparticles,
large-sized carbide particles will be formed. This will lead to a reduction in the effect of
using carbon nanoparticles. It will be necessary to crush the agglomerates. This article is
focused on studying the opportunity to decrease the starting temperature of the reaction for
fabricating carbides of refractory metals when using carbon nanoparticles as precursors.
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Figure 1. TEM images of nanodiamonds: (a) prime nanoparticle with twins; (b) agglomeration of 
nanodiamonds. 

Refractory metals are of much interest for use in the engineering of many spheres 
[13–15]. Carbides of niobium [16–22] and tungsten [23–28] are also of interest to the indus-
try. One of problems in fabricating these carbides is the necessity for high synthesis tem-
peratures (1400–2000 °C) during the reaction between the metal (or its oxide) and carbon 
[29,30]. There are methods to fabricate carbides of refractory metals at lower temperatures, 
but they all relate to using intermediate and auxiliary chemical compounds, which have 
an adverse effect on the fineness [31]. That is why designing methods for fabricating car-
bides of various metals during the direct chemical reaction between the metal and carbon 
is a vital task. The opportunity to decrease the carbide synthesis temperature when using 
carbon nanoparticles as precursors has been studied in several works: articles show that 
the use of carbon nanoparticles (nanodiamonds [9,32], fullerenes, carbon onions [6], glob-
ular carbon [3]) in aluminum matrix composites leads to the synthesis of aluminum car-
bides at significantly lower temperatures than in the case of macro-materials: when full-
erenes are used, the decrease reaches 350 °C. This effect was also investigated when using 
chromium as a composite matrix with nanodiamond reinforcing particles [33]. The tem-
perature was reduced to 520 °C. Studies of using this effect for the synthesis of refractory 
metal carbides are important, since the existing methods of producing such carbides use 
high temperatures. Reducing the synthesis temperature will lead to a significant economic 
effect (reducing energy costs, costs of equipment, and usage of expensive high-tempera-
ture materials) and improve the environmental situation. 

2. Materials, Equipment, and Research Methods 
Commercially available powders of niobium and tungsten (supplied by VILS, Mos-
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Figure 1. TEM images of nanodiamonds: (a) prime nanoparticle with twins; (b) agglomeration of
nanodiamonds.

Refractory metals are of much interest for use in the engineering of many spheres [13–15].
Carbides of niobium [16–22] and tungsten [23–28] are also of interest to the industry. One
of problems in fabricating these carbides is the necessity for high synthesis temperatures
(1400–2000 ◦C) during the reaction between the metal (or its oxide) and carbon [29,30].
There are methods to fabricate carbides of refractory metals at lower temperatures, but
they all relate to using intermediate and auxiliary chemical compounds, which have an
adverse effect on the fineness [31]. That is why designing methods for fabricating carbides
of various metals during the direct chemical reaction between the metal and carbon is
a vital task. The opportunity to decrease the carbide synthesis temperature when using
carbon nanoparticles as precursors has been studied in several works: articles show that the
use of carbon nanoparticles (nanodiamonds [9,32], fullerenes, carbon onions [6], globular
carbon [3]) in aluminum matrix composites leads to the synthesis of aluminum carbides at
significantly lower temperatures than in the case of macro-materials: when fullerenes are
used, the decrease reaches 350 ◦C. This effect was also investigated when using chromium
as a composite matrix with nanodiamond reinforcing particles [33]. The temperature was
reduced to 520 ◦C. Studies of using this effect for the synthesis of refractory metal carbides
are important, since the existing methods of producing such carbides use high temperatures.
Reducing the synthesis temperature will lead to a significant economic effect (reducing
energy costs, costs of equipment, and usage of expensive high-temperature materials) and
improve the environmental situation.

2. Materials, Equipment, and Research Methods

Commercially available powders of niobium and tungsten (supplied by VILS, Moscow,
Russia) were used as the base material for fabricating the matrix of composite materials.
Niobium powder contained 3%wt of niobium hydride, which was formed as a result of
long-term storage at technical premises (niobium actively reacts with hydrogen); other
impurities in total were not more than 0.35%wt (Table 1). Niobium particles had sizes of
10–50 microns. Total impurities in tungsten powder were not more than 0.5 %wt (Table 2).
Tungsten particles had sizes of 0.5–3 microns.
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Table 1. Chemical composition of the niobium powder.

Element Ta Si Fe W Mo C NbH Other Impurities Nb

Content, %mass 0.05 0.03 0.02 0.02 0.02 0.1 3.0 0.11 Balance

Table 2. Chemical composition of the tungsten powder.

Element Fe Ni Mo K Na C Other Impurities W

Content, %mass 0.1 0.06 0.1 0.02 0.02 0.1 0.1 Balance

Commercially available powder of nanodiamonds from detonation synthesis, supplied
by Elektrokhimkomplect (Ekaterinburg, Russia), were chosen as reinforcing particles.
Powder contained diamond phase not less than 95.0%wt. The composite material was
fabricated by a mechanical alloying method, i.e., the processing of primary mixtures in
planetary mills [34–37]. A Pulverisette 6 planetary mono-mill (FRITSCH GmbH, Germany)
was used. The grinding jar had a volume of 80 mL and chromium steel balls (100 g) with a
diameter of 5 mm were used as the grinding tool. Rotation speed was equal to 500 rpm.
The processing has been implemented without any surfactants in an argon atmosphere
for 0.5–9 h; the shut-down period for cooling was not included in the total processing
time. Information about fabricated composites is presented in Table 3 (Digital Jewelry Scale
FC-50 was used to weigh materials).

Table 3. Composite materials fabricated using mechanical alloying.

Number of
Specimen

Type and Mass of
Metal, g

Mass of
Nanodiamonds, g

Content of
Nanodiamonds, %mass

Time of Mechanical
Alloying, h

1-Nb Nb, 9.296 0.653 6.56 0.5
2-Nb Nb, 9.302 0.699 6.98 1.2
3-Nb Nb, 9.307 0.699 6.98 6
4-W W, 20.092 0.653 3.25 9

The fabricated powdery granules underwent a detailed study with the help of scanning
electron microscopy (SEM), X-ray diffraction (XRD), and differential scanning calorimetry
(DSC) [38–42], which was carried out on two appliances: DSC 404 C Pegasus and STA 449
F3 Jupiter (both manufactured by NETZSCH, Germany). In both cases, the heating rate was
20 degrees per minute. A DSC 404 C Pegasus was used for studying the niobium composites
under heating up to 1000–1400 ◦C. Results were measured in an argon atmosphere with
the feed rate of 50 mL/min. The appliance was graduated for measuring in mW/mg. An
STA 449 F3 Jupiter was used for studying the tungsten composites under heating up to
1550 ◦C. Results were measured in a helium atmosphere with a feed rate of 50 mL/min.
This appliance allowed us to perform differential scanning calorimetry (DSC) with the
registration in microvolts and thermal gravimetric analysis (TG). Air was evacuated from
the working chamber for the graduating scales. The working chamber was filled-in with
helium of 6.0 mark (99.9999%). Thereafter, the appliance was returned to the original state.
Two empty closed alumina (Al2O3) crucibles were then placed on the holder inside the
working chamber of the appliance. The procedure of evacuation and filling-in was repeated,
the baseline for the empty crucible was recorded and the appliance was returned to the
original state. Then, the investigating sample was placed into one of the empty crucibles,
the procedure of evacuation and filling-in was repeated, and necessary measurements were
performed. The results of the DSC and TG of the sample were compared with the results of
the empty crucible, considering the baseline for the empty crucible. The X-ray diffraction
analysis was conducted using an X-ray diffractometer DRON-3 (Russia, Saint-Petersburg)
with CuKα radiation. Reference [43] provides information about the technique and the
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software used during X-ray diffraction studies. During the phase analysis, data from ICSD
(Inorganic Crystal Structure Database), CRYSTMET, COD (Crystallography Open Database)
bases were used. A scanning electron microscope TESCAN VEGA3 (Czech Republic, Brno-
Kohoulovice) and Supra 50VP (Carl Zeiss, Germany) was used for examining the general
appearance of granules and their surface. Transmission electron microscopy studies were
performed using a TITAN 80–300 (FEI, International).

3. Results and Discussion

Composite materials of «niobium + nanodiamonds» and «tungsten + nanodiamonds»
(Table 1) were fabricated using mechanical alloying. Approximately, niobium composites
contain 7%mass of nanodiamonds, and tungsten composites contain 3%mass of nanodia-
monds. Niobium has decreased strength in comparison with tungsten, which is why it was
applied for the investigation of several treatment periods of mechanical alloying: (i) short
time—0.5 h (specimen 1-Nb), (ii) middle time—1.2 h (specimen 2-Nb); (iii) long time—6 h
(specimen 3-Nb). The high strength of tungsten is the reason for the use of a long treatment
time in mechanical alloying: 9 h (specimen 4-W).

3.1. Niobium Composites

The fabricated samples of composites were studied by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and differential scanning calorimetry (DSC). The general
views of the initial niobium powder and niobium composite granules are presented in
Figure 2a–d. During mechanical alloying, nanodiamond agglomerates are destroyed and
mixed with metal particles, nanodiamond particles are embedded in a metal matrix, and
metal particles are destroyed and welded again. Mixing, destruction, and welding processes
lead to the formation of composite granules. The processing time determines the degree of
destruction of primary nanodiamond agglomerates. The images in Figure 2 indicate that
processing for a short time does not cause a high degree of elaboration of the structure
(Figure 2b). An increase in the time of mechanical alloying leads to significant destruction
of nanodiamond agglomerates, a decrease in the size of granules, and an increase in the
uniformity of the material.
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Figure 2. General view of the initial niobium powder (a) and composite granules “Nb + 7%massND”
after various treatment periods of mechanical alloying: (b) 0.5 h; (c) 1.2 h; (d) 6 h ((a–c) SEM TESCAN
VEGA3; (d) SEM Supra 50VP).

X-ray diffraction analysis was performed for «niobium + nanodiamonds» composites
fabricated after mechanical alloying for 0.5 h, 1.2 h, and 6 h. The results are presented in
Figure 3.

As can be seen in the X-ray diffraction patterns, carbides are not fabricated practically if
the time of processing is short. When processing for 0.5 h, hydrides, which were generated
in niobium powder upon storage, did not decompose. After processing for 1.2 h, some
number of carbides were observed. In samples processed by mechanical alloying for 6 h, a
considerable proportion of nanodiamonds participated in the synthesis of niobium carbide.
This can be explained by the fact that in the place where balls collide during the mechanical
alloying, the temperature can reach and even exceed 400 ◦C [44]. To reduce this value, it is
obviously necessary to use special methods (cryo-milling, etc.). Calculations show that not
all carbon material reacted during the mechanical alloying. Hence, this sample has been
studied further.
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Figure 3. X-ray diffraction patterns of samples of the «niobium + nanodiamonds» composite after
various processing times by mechanical alloying: (a) after 0.5 h (stick-diagram shows niobium hybrid
NbH0.86), (b) after 1.2 h (stick-diagram shows niobium carbide NbC), (c) after 6 h (stick-diagram
shows niobium carbide NbC0.77), (d) comparing the experimental X-ray diffraction pattern (painted
green) with the fitted X-ray diffraction pattern (painted lilac) for the sample shown in Figure 3c.

An important part of the study was the differential scanning calorimetry of composite
samples with a niobium matrix and nanodiamond reinforcing particles (Figure 4).
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Figure 4. Results of DSC studies of samples of «niobium + nanodiamonds» composites: 1—after
0.5 h of processing (specimen 1-Nb); 2—after 1.2 h of processing (specimen 2-Nb); 3—after 6 h of
processing (specimen 3-Nb).

A short processing time by mechanical alloying did not allow us to significantly crush
the agglomerates of the nanodiamonds; hence, the maximum of peak heat release has
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been observed at 950–1000 ◦C (Figure 4, curve 1 in red, specimen 1-Nb, processing time in
the planetary mill was 0.5 h). A longer processing time leads to more serious crushing of
agglomerates. As a result, the maximum of peak heat release shifts to a lower temperature:
after 1.2 h of processing the maximum peak is approximately at 800 ◦C (Figure 4, curve 2 in
green, specimen 2-Nb), and after 6 h of processing the maximum peak is approximately
at 700 ◦C (Figure 4, curve 3 in blue, specimen 3-Nb). In all cases of using mechanical
alloying, there are some fully crushed agglomerates. Consequently, heat release due to the
fabrication of carbides has been observed even at 300–400 ◦C. To confirm the fabrication of
carbides at heating, the XRD study of the sample processed for 6 h in the planetary mill
(after heating up to 350–760 ◦C) was performed (Table 4).

Table 4. Content of phases in the sample processed in the planetary mill for 6 h after various thermal
processing.

Temperature, ◦C Phase Volume Fraction, % Mass Fraction, %

As milled NbC0.77 (B1, cF8)
Balance–Nb 49.4 47.8

350 NbC0.77 (B1, cF8)
Balance–Nb 66.1 65.6

275 NbC0.77 (B1, cF8)
Balance–Nb 67.1 66.0

417 NbC0.77 (B1, cF8)
Balance–Nb 69.7 68.0

760

NbC0.77 (B1, cF8)
Nb2C (L’3, hP4)

Nb2C (oP12)
Balance–niobium oxide

65.3
8.0
21.4

64.7
8.1

21.3

Thus, the synthesis of niobium carbides begins at temperatures lower than 350 ◦C if
carbon nanoparticles (in this case, nanodiamonds have been chosen) are used as precursors
and if there is firm contact between components.

3.2. Tungsten Carbides

Figure 5 shows general views of the initial tungsten powder and tungsten composite
granules.
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Analysis by scanning electron microscopy revealed the smaller size of the tungsten
particles. The X-ray diffraction patterns of the «tungsten + nanodiamonds» sample after
mechanical alloying indicate that the sample mainly consists of tungsten (Figure 6a). The
lower left part of the first peak indicates that there are some amorphic tungsten carbides in
the composite after mechanical alloying. There is about 1% of tungsten oxide (WO2) in the
sample (Figure 6b), which has possibly been generated from adsorbed atmospheric oxygen
in the initial powders. The X-ray diffraction analysis using traditional appliances does not
allow us to determine carbon nanoparticles in the metal matrix. The explanation for this is
described in reference [45]. Later (during heating) tungsten carbides will be formed. This
indicates that carbon material (the nanodiamonds) exists in the composite.
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The most interesting analysis to perform is differential scanning calorimetry. Figure 7
shows the results of DSC studies of the «tungsten + nanodiamonds» composite.
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Figure 7. Results of differential scanning calorimetry (DSC) studies of the «tungsten + nanodiamonds»
composite sample.

In Figure 7, the curve of DSC presents exo- and endo-peaks. The exo-peak is associated
with heat release during the synthesis of tungsten carbides, the endo-peak is associated
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with the sublimation of the oxide WO3 [46,47]. X-ray diffraction studies prove the presence
of carbides and oxides. Figure 8 shows results of XRD studies after heating up to 720 ◦C.
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XRD analysis determined the presence of the following phases: W, W2C, WC0.82,
WO2, and WO3. Table 5 presents shares of these phases in the sample determined using
techniques described in the paper [43].

Table 5. Composition of the sample of the «tungsten + nanodiamonds» composite after heating to
720 ◦C.

Phase Volume Fraction, % Mass Fraction, %

W (A2, cI2) 61.2 69.0
W2C (C6, hP3) 14.6 14.7

WC0.82 (B1, cF8) 6.9 7.0
WO2 (C4, tP6) 9.4 6.0

WO3 (D0.9, cP4) 7.9 3.3
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In comparison with the initial condition, tungsten carbides and oxide WO3 have
appeared; the content of oxide WO2 has increased. It can be assumed that there was some
oxygen in the initial powders in the adsorbed state. During further heating of the sample
in DSC, endo-peak can be observed. This endo-peak is associated with the sublimation of
oxide WO3. Sublimation is proved by the decrease in the sample mass and the results of
the TG measurement (Figure 7). XRD analysis of the sample after heating up to 1000 ◦C
and 1600 ◦C showed the presence of tungsten and tungsten carbide W2C (Figure 9).
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This means that oxide WO2 transformed into oxide WO3 and has fully sublimated,
and carbide WC0.82 transformed in carbide W2C at carbon deficit.

However, the main result shown from these DSC studies is that the synthesis of
tungsten carbides, when using nanodiamonds as precursors, begins even at temperatures
below 200 ◦C.

Studies have shown that carbon nanoparticles react to synthesize carbides with metal
in the matrix. There is in situ synthesis of niobium carbides in the niobium matrix and
tungsten carbides in the tungsten matrix at the lower temperatures. Such technological
operations lead to the formation of metal matrix composites with strengthening carbide
nanoparticles of the metals from which the matrix is made.

4. Conclusions

The possibility of creating composites with a matrix of niobium or tungsten and re-
inforcing nanodiamond particles is shown. The use of differential scanning calorimetry
and X-ray diffraction methods made it possible to establish that the application of nan-
odiamonds (nanosized carbon material) as a precursor for the synthesis of niobium and
tungsten carbides leads to a decrease in the starting temperature of carbide formation: the
synthesis of niobium carbides begins at temperatures below 350 ◦C and that of tungsten
carbides below 200 ◦C. The use of such a technological procedure will facilitate the produc-
tion of composites with a matrix of refractory metals (niobium, tungsten) and reinforcing
nanoparticles of niobium or tungsten carbides obtained by in situ synthesis directly in the
composite matrix.
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