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Abstract: The paper demonstrates the potential of wet ball milling of metals for the synthesis of
various carbides and carbohydrides. The work reports on multicomponent carbides formed in Ti-
(Cu/Fe/Si)-C, W-Fe-C, and Nb-(Cu/Fe/Si/Al)-C systems, as well as metastable or high-temperature
intermetallics formed in Ti-Si, Nb-Si, Nb-Al, and Nb-Cu-Fe systems, which are stabilized with inter-
stitial carbon. The formation of phase composition of powders fabricated under mechanochemical
synthesis and subsequent thermal treatment has been studied. The as-fabricated powders have been
used to produce bulk compacts and to apply wear-resistant coatings on steel (iron).

Keywords: multicomponent carbides; wet ball milling; phase composition; magnetic pulse compaction;
high-speed selective laser sintering; hardness; wear resistance

1. Introduction

Transition metal carbides are extensively used in industries owing to their high thermal
and chemical stability, appropriate mechanical properties, wear resistance, and catalytic
performance [1,2]. Various carbides are used to produce both bulk products and coatings,
but the complexity and high cost of the production technologies obstruct their potential
use. The development of efficient and low-cost techniques for carbide synthesis is still of
high priority.

Mechanical alloying (MA) often uses liquids as a milling medium, among which
are water, ethanol, toluene, and other solvents. For MA of metals, the addition of liquid
process control agents prevents particle agglomeration and adhesion to milling balls and
vials, especially in the case of ductile metals. At the same time, such additives may induce
contamination of the milled material with carbon, oxygen, hydrogen, nitrogen, etc., with the
respective contaminant elements being involved in the phase formation processes occurring
under MA and subsequent thermal treatment. Their influence is often not considered
and discussed.

The mechanochemical decomposition of hydrocarbons induced by high-energy ball
milling of metals can be successfully used for the synthesis of various carbides, as demon-
strated in [3–6]. Under wet ball milling, the products of the medium decomposition are
involved in the formation of nanostructured hydrides and carbohydrides. The hydro-
gen and carbon saturation level of the powder and the hydrogen-to-carbon ratio may be
governed by varying milling duration and choosing relevant hydrocarbons. Subsequent
thermal treatment provides the removal of stored hydrogen from the material, but the
carbides are retained.

This work summarizes our results on carbohydrides and carbides in titanium-, tungsten-
and niobium-based systems synthesized via wet ball milling in hydrocarbons and their
properties, including hardness and wear resistance of compacts and coatings.
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2. Materials and Methods

The study was carried out on powder systems based on titanium, tungsten, and
niobium, which are commonly used industrial transition metals. Depending on additional
components chosen, MA in the analyzed systems may give varied phase compositions, for
example, monocarbide-based compositions in Ti-C and Ti-Cu-C systems or compositions
based on multicomponent carbides or mixtures of various carbides in others. Table 1
provides designations of samples, their composition, characteristics of the initial metal
powders, and duration of milling in petroleum ether.

Table 1. Initial powder characteristics, elemental composition, and milling duration.

Sample Initial Powder Composition (wt.%) Purity and Particle Size Milling Duration (h) 1

Ti Ti–100

Ti—99.02 wt.%, ~40 µm
W—99.9 wt.%, 6–20 µm
Nb—99.9 wt.%, 6–20 µm
Cu—99.7 wt.%, ~18 µm
Fe—98.0 wt.%, 3–20 µm
Si—98.8 wt.%, ~1000 µm
Al—99.0 wt.%, ~60 µm

1–6
TiCu Ti–80, Cu–20 1–12
TiFe Ti–63, Fe–37 3–4

TiFeCu Ti–60, Fe–20, Cu–20 3–4
TiSi Ti–83, Si–17 3–4
WFe W–74, Fe–26 6

NbCu Nb–87, Cu–13 1–7
NbSi Nb–91, Si–9 4
NbAl Nb–85, Al–15 1–5

NbAlFe Nb–72, Al–14, Fe–14 1–5
1 Significant amounts of Fe contamination for milling longer than 5 h.

The powders were milled using a Fritsch P7 (Fritsch, Idar-Oberstein, Germany) plane-
tary ball mill at a rotation speed of ~700 rpm. A powder mixture of 10 g in total amount was
taken for each sample. Milling vials (volume 45 cm3) and 20 milling balls (8 mm in diameter)
were made of hardened steel (1 wt.% C, 1.5 wt.% Cr). Prior to milling, the vials were filled
with petroleum ether (analytical grade). The milling for longer than 5 h caused significant
abrasion of the milling tools, so the percentage of iron initially added in the sample WFe
was corrected. In the sample NbCu, all iron appears from the abrasion of the milling vials
and balls. To analyze temperature-driven changes in the phase composition, the powders
milled were annealed at T = 600–1000 ◦C for 1 h in an argon atmosphere with prelimi-
nary pumping down to fore-vacuum pressure. The annealing was carried out in a quartz
tube using a laboratory tubular furnace (Pt-Pt 10%Rh-thermocouple, ∆Tmax = ±4 ◦C). The
temperature of annealing was chosen based on the results of differential thermal analysis
(STA8000, 20 ◦C/min).

After milling, the powders were (1) compacted and (2) applied as coatings to plates
made of steel A (0.12 wt.% C, 18.0 wt.% Cr, 3.0 wt.% Ni), steel B (0.87 wt.% C, 0.51 wt.% Mn,
0.34 wt.% Si), and Armco iron (Armco Inc., Middletown, OH, USA).

The compacts were prepared via magnetic pulse compaction [7] at 500 ◦C in a vacuum
(residual pressure 5–10 Pa) with preliminary degassing for 4 h at the same temperature.
The amplitude of pressure pulses was ~1.5 GPa, with a duration of 300 µs. The resulting
compacts were disks 10 mm in diameter and 3–4 mm thick. The coatings were applied via
high-speed selective laser sintering (SLS) [8] using a Nd:YAG laser (λ = 1.065 µm, power
50 W, frequency 50–100 kHz, scanning speed 20–100 mm/s) in an argon atmosphere, with
the beam focus of 30 µm in diameter.

X-ray diffraction (XRD) analysis of the samples was carried out from 10◦ to 140◦ with
a MiniFlex600 X-ray diffractometer (Rigaku, Tokyo, Japan) in CoKα radiation. Qualitative
and quantitative phase analyses were performed using the PDF-2 database and the PHAN%
software [9] based on the full-profile Rietveld refinement of the measured XRD patterns,
respectively. Scanning electron microscope (SEM) images were taken using a Thermo Fisher
Scientific (FEI, Hillsboro, OR, USA) Quattro S and VEGA 3 LMN (TESCAN, Brno, Czech
Republic) equipped with an energy-dispersive analysis device.
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The density of compacts was evaluated by hydrostatic weighing using a CE 224 C
weighing device (Sartogosm, Saint Petersburg, Russia) equipped with a YDK 03 attachment
(Sartorius, Göttingen, Germany). The Vickers hardness was measured on a PMT-3 device
with ten measurements at a load of 0.98 N. The lubrication-free friction parameters were
obtained using the vibration module of an Optimol SRV-III Test System friction machine
(Optimol, Brussels, Belgium), with balls made of hardened steel (1 wt.% C, 1.5 wt.% Cr,
diameter 9.4 mm, hardness 55–57 HRC) or WC-6Co alloy (diameter 9.5 mm, hardness
89 HRA) as counterbodies. The load on the counterbody was 10 N, with the range of
movement of the counterbody being 3 mm. The oscillation frequency was 10 Hz (0.06 m/s),
and the duration was 10 min. The measurements were carried out at room temperature
and 30% humidity.

3. Results and Discussion
3.1. Titanium-Based Systems

While the properties of titanium carbide and hydride are well known, titanium carbo-
hydrides are still not studied enough. Titanium carbohydrides having fcc and hcp structures
are prepared by sintering titanium and carbon powders in the presence of hydrogen at
1000–1100 ◦C [10,11] or via MA in hydrocarbons [12,13]. Carbohydrides are attractive
because of their potential application in the aviation and medical industries. Nevertheless,
there are published data for only titanium carbohydrides of the fcc structure [10], while
the properties of titanium carbohydrides of the hcp structure have not been studied so far,
except for their thermal stability.

MA of titanium powder in petroleum ether induces structural phase transformations
in titanium starting from its transition to a nanostructured state and progressing to the
formation of a solid solution of carbon and hydrogen in the α-Ti (ICSD#1-1197) and then the
formation of titanium hydride TiH2 (ICSD#3-859) and metastable titanium carbohydride
Ti(C,H) (ICSD#65-8746) with the fcc lattice similar to that of titanium carbide (Sample Ti,
Figure 1a). XRD analysis reveals the formation of Ti(C,H) starting from 2 h of milling.
After 4 h of milling, all titanium enters the composition of the Ti(C,H) + TiH2 mixture.
The broadening of the XRD reflections observed for the solid solution, titanium hydride,
and titanium carbohydride indicates a nanostructured state and substantial structural
disordering. The grain size (coherent scattering region diameter) is 2–4 nm. The particle size
of the powder after 4 h of milling ranges from 2–5 µm to 50 µm in agglomerates (Figure 1b).
The particle shape is stone-like in this case and in all the systems described below.

Annealing of the resulting powder at 600 ◦C causes the decomposition of metastable
Ti(C,H) carbohydride of fcc lattice and the formation of more stable titanium carbohydrides
of hcp lattice with a composition close to Ti2CH0.6 [14] and of fcc lattice with a higher carbon
content [15] (Figure 2a). Annealing at 900 ◦C induces its complete decomposition with the
formation of non-stoichiometric titanium carbide TiC0.48 (ICSD#6-614) and a mixture of
α-Ti and β-Ti (ICSD#44-1288). Evidently, β-Ti is stabilized by iron impurities (Figure 1c).
After annealing, the lattice parameter of the Ti(C,H) decreases from ~4.299 Å to 4.284 Å
because of hydrogen release.

The milled powders were compacted to prepare compacts based on titanium car-
bohydride Ti2CH0.6 (Figure 2a) [16]. To retain the titanium carbohydride phase in the
composition, the powders are to be compacted at temperatures not higher than 700–800 ◦C,
which makes magnetic pulse compaction the most appropriate technique for fabricating
high-density samples [8]. The hardness of the Ti compacts based on the hcp titanium
carbohydride is about 4 GPa, and the density is 4.0 g·cm−3 (Table 2). Such a combination of
hardness and density makes the prepared compact even better than a commercial Ti-6Al-4V
alloy showing a density of 4.42–4.47 g·cm−3 and a Vickers hardness of 3.3–3.6 GPa [17].
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Figure 1. (a) XRD patterns of powders (sample Ti) milled for (1) 1 h, (2) 2 h, (3) 3.5 h, (4) 4 h; (b) SEM
image and (c) EDX spectrum of the powder (sample Ti) milled for 4 h.

Figure 2. (a) XRD patterns of sample Ti: (1, 3) MA powder annealed at (1) 600 ◦C and (3) 900 ◦C;
(2) compact; (4) coating; (b,c) SEM images and elemental composition of coating Ti. MA duration is
4 h.
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Table 2. Properties of compacts and coatings.

Sample Designation
Ti TiCu WFe NbCu

Compact Coating Compact Coating Compact Coating Compact Coating

Density
(±0.01 g·cm−3) 4.00 - 4.60 -

11.93 (as
prepared)

10.70 (annealed)
- 7.1 -

HV
(GPa) 4.1 ± 0.5 10.0 ± 1.7 5.1 ± 0.8 8.3 ± 0.3 6.2 (as prepared)

7.9 (annealed) 16.0 ± 2.0 3.8 ± 0.4 10.8 ± 1.9

Friction coefficient
(±0.01) with steel ball

Initial 0.2 0.15 0.6 0.15 - 0.20 - 0.25

Max 1.5–2 0.20 1.24 0.40 - 0.28 - 0.90

Wear of sample/steel ball
(±1 µm) 125/0 0/17 6/38 0/47 - 0/1 - 0/7

Friction coefficient (±0.01)
with WC-6Co ball

Initial - 0.15 - 0.17 0.05 (annealed) 0.06 - 0.29

Max - 0.16 - 0.30 0.45 (annealed) 0.22 - 0.70

Wear of sample/WC-6Co ball
(±1 µm) - 0/3 - 3/16 0/1 (annealed) 0/0 - 0/4

When Ti coating is applied to steel plates A, hydrides and carbohydrides decompose,
and the released titanium interacts with the melted steel substrate to form carbide, inter-
metallic compounds, and solid solutions [18,19]. The resulting gradient coating is 10 µm
thick and turns out to be well attached to the substrate. Carbides are formed as rounded
inclusions of 50–100 nm in size and dendrites of up to 5 µm in length, and the inclusions
are surrounded by a shell of intermetallic compounds of up to 50 nm thick (Figure 2b).
Nanosized carbide inclusions, covered with an intermetallic shell that gives strong bond-
ing with the substrate, provide high hardness (~10 GPa) and high wear resistance under
lubrication-free dry friction at a load of 10 N. The friction coefficients in tribopairs are not
higher than 0.2. Thus, the wear resistance of the coating under dry friction is comparable
with that of an industrial sintered alloy based on tungsten carbide. The short duration
required for both the mechanical treatment and the subsequent application of the coatings,
together with their low cost, makes this method one of the most effective as compared to
tungsten carbide-based alloys.

The composites based on carbohydride and/or titanium carbide were prepared with
copper as a binder [16]. Copper is chosen as a non-toxic metal, in contrast to cobalt, and
possesses bactericidal properties. In addition, copper has high thermal and electrical
conductivity and is easy to process. MA of titanium and copper in petroleum ether
(Figure 3a,b, sample TiCu) for 3 h gives a mixture of metastable titanium carbohydride and
intermetallic phases (Figure 3b). Further MA increases the concentration of carbon in the
carbohydride and the proportion of abrasive iron. The Ti(C,H) lattice parameter increases
from ~4.298 Å to 4.315 Å with milling time. The particle size is 5 to 50 µm after 3 h milling
and 1 to 10 µm after 6 h milling (Figure 4a–c). Annealing at 600 ◦C of the 4 h milled powder
gives a mixture of the hcp Ti2CH0.6 and CuTi2 (ICSD#18-458) intermetallic, while annealing
at 900 ◦C gives a mixture of non-stoichiometric TiC0.5 and intermetallic CuTi2 (type A6)
and TiFe (ICSD#65-7743) (Figure 3b). XRD analysis revealed iron in the sample only after
annealing at 900 ◦C, since a noticeable increase in the grain size of iron or iron-containing
phases may be provided only at 700 ◦C or above (0.4 of Tm).

The TiCu compacts based on the titanium carbohydride Ti2CH0.6 and CuTi2 inter-
metallic have a layered structure [20,21], with a layer thickness of 50–100 nm (Figure 5a).
The intermetallic present in the phase composition provides higher density (4.6 g·cm−3),
hardness (5.1 GPa), and wear resistance of these compacts as compared to the Ti compacts
(Table 2).
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Figure 3. XRD patterns of powders: (a) sample TiCu milled for (1) 1 h, (2) 3 h, (3) 4 h, (4) 6 h, (5) 12 h;
(b) sample TiCu: (1, 3) 4 h milling followed by annealing at (1) 600 ◦C and (3) 900 ◦C; (2) compact
made from 4 h milled powder; (4) coating made from 6 h milled powder.

Figure 4. (a) SEM image of the MA powder (sample TiCu). MA duration is 3 h. (b) SEM image and
(c) EDX spectrum of the MA powder (sample TiCu). MA duration is 6 h.
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Figure 5. (a) SEM image and elemental composition of compact TiCu. MA duration is 3 h. (b) SEM
image and elemental composition of coating TiCu. MA duration is 6 h.

The TiCu coatings applied to steel plate B are composed of TiC0.55 and an intermetallic
with the bcc lattice of type A2, similar to the TiFe intermetallic with copper dissolved in
it, Ti(Fe,Cu) (Figure 3b). The coating thickness is 40 µm, the hardness is 8.3 GPa, and the
friction coefficient is 0.4 and 0.3 for steel and WC-6Co balls, respectively (Table 2). The
coating is not worn under dry friction with a steel ball, whereas under dry friction with a
WC-6Co ball, the carbide ball is worn to a greater degree than the coating. High hardness
and wear resistance of the coatings is provided by a disperse microstructure with carbide
inclusions ranging from 100 nm to 1 µm in size and strong adhesion between the coating
and the substrate (Figure 5b).

MA of Ti-based powder systems with the use of steel tools (vials and balls) is accom-
panied by unavoidable abrasion of balls and vials resulting in Fe contamination of the
powders milled. The inevitable Fe contamination may be efficiently used to improve the
properties of the composites, as Ti-Fe intermetallics and multicomponent Fe-containing
carbides are known to have a very high hardness. As mentioned above, the TiCu compact
contains an intermetallic similar to TiFe. To reveal phase formation processes occurring
in this system, titanium–iron (sample TiFe) and titanium–iron–copper (sample TiFeCu)
powders were also milled.

Annealing of the milled powders at 900–1000 ◦C induces the formation of the Ti4Fe2X
phase having the cubic lattice of Fd3m type with parameters of 11.362 and 11.312 Å for
samples TiFe and TiFeCu, respectively (Figure 6a). The existence of phases with the Fd3m
type structure, similar to η-carbides, in ternary Ti-Fe-O and Ti-Cu-O systems has been
previously shown experimentally [22]. As suggested in [23], the Ti4Fe2 phase may be
stabilized by nitrogen impurities (ICSD#84-1687). In our case, the phase stabilization is
provided by carbon.
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Figure 6. (a) XRD patterns of (1, 2) MA powders and (3, 4) powders annealed at 900 ◦C for samples
(1, 3) TiFe and (2, 4) TiFeCu; (b) XRD patterns of (1) MA powders and (2, 3) annealed powders for
sample TiSi: (2) 900 ◦C, (3) 1000 ◦C. MA duration is 4 h.

Stabilization of metastable phases by carbon has been demonstrated in our earlier
work [24] devoted to wet ball milling of titanium and silicon powders. The formation of the
Ti5Si3Cx phase, which is a high-temperature carbon-stabilized variety of Ti5Si3 (ICSD#29-1362)
intermetallic having the hcp lattice of D88 type [22], begins after 4 h of milling (sample TiSi,
Figure 6b). Annealing of powders at 900–1200 ◦C gives a two-phase mixture, Ti5Si3Cx + TiC.
The addition of copper and iron to the Ti-Si alloy leads to the appearance of phases with
the structure of η-carbides.

In summary, MA in liquid hydrocarbons is a promising method for the synthesis of
composites based on carbon interstitials difficult to prepare as single phases via conven-
tional methods.

3.2. Tungsten-Based Systems

MA of tungsten and iron in petroleum ether was used to synthesize η-carbides in the
W-Fe-C system (sample WFe, Figure 7a) [25]. Since milling tools (vials and balls) are made of
hardened steel, nanostructured Fe contamination is involved in the formation of carbides. In
tungsten-based systems, hydrides are not stable at normal pressure. Tungsten carbohydride
is not formed, in contrast to titanium- and niobium-based systems, where carbohydride
results from the saturation of hydride with carbon. So, MA gives a metastable solid
solution of iron and carbon in tungsten, which then decomposes into one/two η-carbides,
(W,Fe)6C (ICSD#3-980) and/or (W,Fe)12C (ICSD#23-1127) (sample WFe, Figure 7a,b), under
subsequent annealing at above 770 ◦C. The particular type of phase depends on the carbon
concentration accumulated from the milling medium and on the heat treatment conditions.
Annealing at 900 ◦C gives (W,Fe)12C, while the compact annealed at the same temperature
is of two phases, (W,Fe)6C + (W,Fe)12C.

The powder particle size is 0.5–8 µm and up to 25 µm in agglomerates (Figure 8a,b).
The microstructure of the WFe compacts is quite homogeneous, with tungsten inclusions as
large as 200 nm being visible within the nanosized carbide matrix (Figure 8c).
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Figure 7. (a) XRD patterns of sample WFe: (1) MA powder, (2) heated to 765 ◦C, (3) annealed at
900 ◦C. MA duration is 6 h. (b) XRD patterns of sample WFe: (1) compact; (2) compact annealed at
900 ◦C; (3) coating. MA duration is 6 h.

Figure 8. (a) SEM image and (b) EDX spectrum of the MA powder (sample WFe). MA duration is 6 h.
(c) SEM image and elemental composition of the compact (sample WFe). MA duration is 6 h.
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The WFe compact before and after annealing has a density of 11.9 and 10.7 g·cm−3,
respectively, with the respective values of hardness being 6.2 and 7.9 GPa (Table 2). The
compact is not worn out under a dry sliding wear test with a WC-6Co ball. The friction
coefficient is equal to 0.45.

The WFe coatings applied to Armco iron plates are composed of two main phases,
(W,Fe)6C and tungsten [26,27]. The coating contains carbide inclusions ranging from 40 to
500 nm (Figure 9a–c) and having a variable composition, with a tungsten-enriched central
part and iron-enriched periphery. This structure provides better cohesion between the
carbide grain and iron matrix, as well as high hardness and wear resistance. The coating
thickness is about 70 µm, and the hardness is ~16 GPa (Table 2). The obtained hardness
value makes this coating similar to WC and WC + W2C coatings (16–24 GPa) [28,29].
Tribological tests showed no signs of wear in the tribopair “WFe coating/WC-6Co alloy
ball”, whereas titanium coatings revealed noticeable wear of the ball. The production of
bimetallic carbides is lower-cost, and they may successfully replace tungsten monocarbides
and subcarbides in some cases.

Figure 9. (a,b) SEM image and (c) EDX spectrum of the coating (sample WFe). MA duration is 6 h.

3.3. Niobium-Based Systems

MA in hydrocarbons is also efficient in the synthesis of η-carbides and carbon-stabilized
intermetallics in niobium-based systems. Co-milling of niobium and copper powders in
petroleum ether gives a metastable solid solution of carbon and hydrogen in niobium at the
initial stage, which is followed by the formation of niobium hydride NbH0.9 (ICSD#7-263)
by 3 h of milling [20]. By 6–7 h of milling, metastable niobium carbohydride (ICSD#89-7435)
is formed, which has the fcc structure close to NbC (sample NbCu, Figure 10a). The lattice
parameter of Nb(C,H) is equal to 4.411(1) Å. The particle size of the 7 h milled powder is
~5 µm, with agglomerates of 20–50 µm in size (Figure 10b,c). Abrasion of steel milling tools
results in the appearance of reflexes from iron in the XRD patterns. The absence of any
reflexes from copper in the XRD patterns points to the probable replacement of niobium
atoms in the metastable carbohydride with copper. Copper may also be retained in the
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X-ray amorphous phase. In addition, an amorphous halo is also conceivable in the observed
XRD patterns (Figure 10a, curves 1, 2, and 4). Further research is required to clarify this.

Figure 10. (a) XRD patterns of sample NbCu: (1) MA powder; (2, 3) MA powder annealed at
(2) 600 ◦C and (3) 900 ◦C; (4) compact; (5) coating. (b) SEM image and (c) EDX spectrum of the MA
powder (sample NbCu). MA duration is 7 h.

Since thermal dehydrogenation of the niobium carbohydride powder occurs at temper-
atures below 400 ◦C, the powder annealed at 600 ◦C does not contain hydrogen. The lattice
parameter of NbC is equal to 4.404(1) Å, which indicates the formation of a metastable
copper-containing carbide phase.

The metastable niobium phase decomposes at 900 ◦C into Nb2C (ICSD#15-127), NbC
(ICSD#5-658) with the lattice parameter of 4.445(1) Å, (Fe,Nb)6C (ICSD#17-128) carbides [30,31],
and a phase with the L12 structure (Cu3Au type). A phase with the L12 structure is
apparently Nb3(Fe,Cu)Cx with the lattice parameter of 4.209(1) Å. The Nb3Fe phase of the
same type has a lattice parameter of 4.04 Å [32], while the lattice parameters of Nb3Cu of
the L12 structure which exists at high pressures are 4.05 Å or 4.08 Å [33,34]. It is known
that various unstable structures of Cu3Au type are stabilized in the presence of interstitial
B, C, and N atoms [35]. The absence of other copper-containing phases in the measured
XRD pattern and the presence of a larger lattice parameter support the partial replacement
of iron with copper in the resulting phase. The formation of the Nb3(Fe,Cu)Cx phase has
not been observed and reported elsewhere before; it is synthesized for the first time. The
formation of this phase can be caused by the transformation and ordering process of the
metastable fcc phase into L12 or the decomposition of the XRD amorphous phase.

The NbCu compact based on a metastable niobium carbide-like phase (Figures 10a and 11a)
has a density of 7.1 g·cm−3. Its hardness is 3.8 GPa (Table 2), which is close to that observed
for Ti compacts.
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Figure 11. (a) SEM image and elemental composition of the compact NbCu. MA duration is 7 h.
(b) SEM image and (c) EDX spectrum of the coating NbCu. MA duration is 7 h.

The NbCu coating applied to the Armco iron plate is mainly composed of niobium
monocarbide and subcarbide, with η-carbide (Nb,Fe)6C being formed and copper being
retained (Figure 10a). The coating thickness is 10 µm, and its hardness is up to 10.8 GPa,
which is close to that of the Ti coatings. The microstructure of the coating is homogeneous,
with carbide inclusions ranging from 50 to 500 nm (Figure 11b,c). The coating is wear-
resistant and is not worn out under dry sliding with a WC-6Co alloy ball [30].

MA of Nb-Si in petroleum ether gives a metastable supersaturated solid solution of
alloying elements in niobium and niobium hydride phase NbH0.9 by 4 h of milling, which
decomposes under annealing at 900 ◦C into niobium subcarbide Nb2C, carbon-stabilized
niobium silicide Nb5Si3Cx (D88) (ICSD#65-3599), and Nb3SiCx with the L12 structure
(sample NbSi, Figure 12). The Nb3Si (ICSD#15-630) silicide with the L12 structure is
considered to be unstable [36], but it is stabilized in the presence of interstitial carbon [22,37].
Annealing at 1300 ◦C induces its decomposition into η-carbide (Nb,Fe)6C and the Nb4SiFe
(ICSD#18-647) intermetallic.

Wet ball milling in liquid hydrocarbons makes it possible to stabilize metastable
phases with carbon in Nb-Al-C and Nb-Fe-Al-C systems. In the niobium–aluminum
system, the initial stage of milling proceeds with the formation of niobium hydride and a
supersaturated solid solution of alloying elements in niobium. Annealing at 900 ◦C gives
Nb5Al3Cx with the D88 type structure (sample NbAl, Figure 13a). This phase has been
previously obtained only as a thin epitaxial layer [38], but its preparation as a bulk has
been considered not possible. Nb5Al3Cx is formed from a supersaturated solid solution
of other elements in niobium, probably through the transformation of a bcc solid solution
(Im3m) to a metastable phase with B2 structure (Pm3m, L12) [39] and then its subsequent
decomposition accompanied by the formation of hexagonal phase Nb5Al3Cx, similar to
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that described for Ti-45Al-8.5Nb-(W, B, Y) alloy [40]. The hexagonal phase is stabilized by
intercalated carbon.

Figure 12. XRD patterns of sample NbSi: (1) MA powder; (2, 3) MA powder annealed at (2) 900 ◦C,
(3) 1000 ◦C, and (4) 1300 ◦C. MA duration is 4 h.

Figure 13. (a) XRD patterns of sample NbAl: (1) MA powder; (2) MA powder annealed at 900 ◦C. MA
duration is 2 h. (b) XRD patterns of sample NbAlFe: (1) MA powder; (2) MA powder annealed at
900 ◦C. MA duration is 5 h.

Upon being added to the Nb-Al-C system, iron is dissolved in niobium with the
formation of an X-ray amorphous phase (sample NbAlFe, Figure 13b). Annealing at 900 ◦C
causes the formation of η-carbide Nb3(Fe,Al)3C, in addition to Nb5Al3Cx. η-carbide forms
from an X-ray amorphous phase. Apparently, (Nb,Fe)6C phase is formed in a similar way.
It should be noted that Nb3(Fe,Al)3C carbide has been synthesized using wet ball milling
for the first time.

All the obtained results indicate that wet milling in the steel equipment for even a
comparatively short duration induces the decomposition of hydrocarbon, the formation
of hydrides and carbohydrides, and the Fe contamination of the powders milled. Carbon
accumulating in powders from milling media is involved in the formation of carbides and
stabilization of metastable intermetallic compounds, whereas iron appearing due to milling
equipment abrasion facilitates the formation of multicomponent phases with the structure
of η-carbides.
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4. Conclusions

1. The paper presents opportunities and advantages of wet ball milling for the mechanochemi-
cal synthesis of titanium-, niobium-, and tungsten-based carbohydrides and carbides,
including those with added d-metals (Fe, Cu) or p-elements (Si, Al). The technique
allows one to prepare multicomponent carbides, as well as metastable and high-
temperature carbon-stabilized intermetallics as practically single phases, owing to
the high-efficiency mixing of the elements, rapid nanostructuring of the powders
milled, and homogeneous distribution of carbon accumulated by the powders from
liquid hydrocarbon. The carbon concentration needed for the phase formation is
easily governed by milling time.

2. The paper reports the results on the formation of the structural phase composition of
the powders under mechanochemical synthesis, subsequent annealing, compaction,
and application as coatings. The density, hardness, and wear resistance of compacts
and coatings have been measured and analyzed.

3. It has been revealed that wet ball milling is accompanied by the following phase
transformations: In the first stage, thermocatalytic decomposition of hydrocarbon in
titanium- and niobium-based systems has been found to result in a supersaturated
solid solution of carbon and hydrogen in the metal followed by the formation of
hydride. Accumulation of carbon in powders under further milling facilitates the
formation of metal carbohydride with a lattice close to that of carbide. In the tungsten-
based system, only a supersaturated solid solution is formed because of the easy
decomposability of hydride, and carbohydride is not formed or is easily decomposed.

4. The phase decomposition of the supersaturated solid solution and carbohydride
under subsequent thermal treatment gives one- and/or multicomponent carbides
(TiC, NbC, Nb2C, (Nb,Fe)6C, (Nb,Al,Fe)6C, (W,Fe)6C, (W,Fe)12C). It has been shown
that milling in steel equipment enables obtaining multicomponent η-carbides because
of iron contamination.

5. In Ti–Si, Nb–Cu, Nb–Si, and Nb–Al systems, further thermal treatment has been
shown to give metastable or high-temperature interstitial carbon-stabilized inter-
metallics with D88 and L12 structures (Ti5Si3Cx, Nb5Si3Cx, Nb5Al3Cx, Nb3SiCx,
Nb3(Fe,Cu)Cx). It should be noted that bulk carbon-stabilized Nb3(Fe,Cu)Cx and
Nb5Al3Cx intermetallics with L12 and D88 structures, respectively, have been obtained
for the first time.

6. The wet-milled powders have been used to prepare compacts and coatings that exhibit
high wear resistance. Coatings based on titanium, niobium, or bimetallic tungsten
carbides are similar to industrial sintered WC-6Co alloy in their dry wear resistance.
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