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EFFECT OF CARBON NANOTUBES

ON MECHANOCHEMICAL SYNTHESIS
OF d-METAL CARBIDE NANOPOWDERS
AND NANOCOMPOSITES

The nanoscale mono- (powders) and complex (compacted nanocomposites) carbides of
d-transition metals are synthesized by mechanical alloying in a high-energy planetary
ball mill from a charge containing the carbon nanotubes. The effect of multiwalled
carbon nanotubes on reaction milling of the obtained materials is analyzed. The
features of formation mechanism of metal carbides at the mechanical alloying are
clarified. Particularly, as is shown, at the first stage of the synthesis (up to 60 min
of processing of the charge in a ball mill), the amorphization of the carbon nanotubes
and crushing of particles of the initial metal along the grain boundaries occurs
concurrently. Then, the amorphous carbon enters into the metal lattice forming an
interstitial solid solution, resulting in deformation of the metal crystal lattice. At
the second stage of synthesis (from 60 to 250 minutes of processing), the process of
embedding of the carbon atoms in metal matrix is accelerated and the formation of
the carbide phases on surface of the parent metal particles begins. The third stage
of synthesis completes the formation of carbide. As revealed, the processing time
required for the complete transformation of the initial components to the carbide
correlates with the enthalpy of its formation, and the fields of mechanical stress are
relaxed over two main channels: heating and grinding. As found out, the carbides
of d-transition metals studied in this work are formed mainly due to self-supporting
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reaction at milling. The efficiency of using carbon nanotubes in the fabrication of
nanocomposite materials with improved functional characteristics is shown. As
revealed, the reaction milling is effective for the synthesis of multicomponent
carbides (substitutional solid solutions).

Keywords: mechanochemical processing, carbon nanotube, carbide, solid solution,
x-ray diffraction, electron microscopy.

1. Introduction: Mechanochemical Processing
1.1. Brief Historical Perspective

Use of mechanical energy to grind down various materials dates back to
the beginning of human history. Research activity in the field of mecha-
nochemical processing (MCP) has a long history with the first publication
dating back to 1892 when an American chemist M. Carrey Lea has
shown that the halides of gold, silver, platinum and mercury decomposed
to halogen and the metal during fine grinding in a mortar [1]. This
study clearly established that chemical changes could be brought about
not only by heating but also by mechanical action. No less reason to
consider M. Faraday, who studied the acceleration of dehydration of the
crystalline hydrates during mechanical action, the founder of mechano-
chemistry. But the use of mechanically activated processes, however,
dates back to the early history of mankind, when fires were initiated by
rubbing flints against one another. W. Ostwald coined the term ‘mechano-
chemistry’ in 1891 in the ‘Textbook of General Chemistry’, which, in
particular, considered various types of stimulation of chemical processes.
While the scientific basis underlying MCP was investigated from the
very beginning, applications of MCP products were slow to come about,
mostly because of limitations on the productivity of MCP reactors, pu-
rity of the products and the economics of the process.

It is now accepted that the MCP technique embraces three different
processes, mechanical alloying, mechanical milling, and reaction milling.
All these three processes involve cold welding, fracturing and rewelding
of powder particles during repeated collisions with grinding balls in a
high energy milling device. However, depending on the actual process,
other features may be present.

So far, an interest in research in the field of mechanochemistry is
high since the mechanochemical processing is a rather simple and effec-
tive technique for obtaining a wide class of compounds and novel nano-
composite materials (NCM). For the moment, scientists concentrate
their efforts not only on the technological features and fundamental
principles of MCP process, but also on the establishment of application
fields of materials obtained as a result of this synthesis method.
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1.2. Features of the Mechanical Processes at MCP

The processes taking place at MCP are initiated by the mechanical action
of the reactor equipment (ball mill) on the test substance. They belong
to the non-equilibrium phase transformations and occur at room
temperatures, in which the redistribution of atomic components by the
normal diffusion mechanism is absent. However, since the mechanical
action usually causes intense cold plastic deformation of a substance,
then an additional point or linear defects appear in this substance. The
presence of these defects creates conditions for the transport of atoms
on a distance much larger than interatomic due to the process of strain-
induced mass transfer.

It is known that the temperature is one of the parameters deter-
mining the mobility of atoms in metals and alloys under normal con-
ditions. Increase of the temperature leads to an increase in the diffusion
mobility of atoms. Such factors as radiation, which leads to an increase
of the number of point defects [4, 5], phase (martensitic) transformations
[6—-9], and plastic deformation of substance [10—-13] resulting in a
growth of the diffusion mobility of atoms by several orders [14] are
necessary to note among other ways to increase the rate of diffusion
processes.

The transfer of large amount of energy accompanies an intense de-
formation action on a substance in a ball mill, resulting in the formation
of special locally heterogeneous states that are caused by saturation of
the substance by defects and high tensions on sub-micron and nanoscaled
structure elements. Formation of such local stressed states in a substance
results in the two processes, namely: the diffusionless collective dis-
placement of atoms, and the process of anomalous low-temperature dif-
fusion of disordered displacement of atoms at a distance much larger
than interatomic [11-13, 15-1T7].

Since mechanical treatment of a substance in a ball mill at MCP is
purely pulsed process, the mechanical processes described above, as well
as the chemical processes described below, do not occur at the whole
time; but only at the moment of impact and during the period of re-
laxation of the stress field, that takes place on different channels
depending on the synthesis conditions [18].

1.3. Features of the Chemical Processes ait MCP

The mechanical processing in ball mills is the most common and quite
simple procedure in mechanochemistry. That is why both the mechanics
and the physics of the processes occurring at grinding are the subject of
various studies, most of which are devoted to optimizing the milling
stage in order to obtain the maximum reaction surface of a substance
with the minimal energy consumption.
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Two principles already mentioned are the basis of the research of
processes occurring at mechanochemical processing, namely: the im-
pulse nature of process (the emergence of stress field and its relaxation
[19-22]) and the local character of the mechanical action on the sub-
stance (at processing, the stress field does not occur in the entire volu-
me of a substance, but only in the zone of particles contact [23—-25]).
The aim of such studies is to determine the boundaries of a region where
the stress field is formed at mechanical action, existence time and a
mode of this region (for example, jump in pressure [26, 27]), as well as
the determination of relaxation channels of the stress field. In general,
relaxation of the stress field can lead to an increase in the local tempe-
rature, to the formation of new metastable phases, to polymorphic
transformations in the substance, to the formation of structural defects,
to the emergence of a new active surface, etc. [28].

If the substance that is mechanochemically treated is one-compo-
nent or single-phased the relaxation of a stress field can be accompanied
by the heat release, the formation of metastable and polymorphic phases,
the formation of a new developed particle surface, the appearance of
defects in the substance, and also by its amorphization.

Part of each of these relaxation channels depends on the conditions
and magnitude of the mechanical load (load rate and an amount of ener-
gy applied), the physical properties of a substance treated, processing
temperature, etc. Sometimes the relaxation channel may change in the
process. For example, an increase in the growth rate of the main cracks
of oxysalts crystals at MCP is accompanied by a change in the mechanism
at the tip of crack, i.e., thermal decomposition is replaced by mechano-
chemical one [29, 30]. Change in the size of the particles that are me-
chanically processed is accompanied by the transition from their crushing
to the process of plastic deformation [31, 32]. The grinding of a substance
at MCP leads to obtaining a maximum reaction surface powder at mini-
mum energy costs that reduces the activation energy of the subsequent
chemical transformation along with the accumulation of energy in the
form of defects.

Generally, there are two types of mechanical activation process. It
is referred to a process of the first type if a cumulative time of mecha-
nical action, formation of stress field and its relaxation is longer than
a time of chemical reaction (mechanochemical process). On the contrary,
in the course of a process of the second type, the time of mechanical ac-
tion and the formation of stress field is shorter than the time of chemi-
cal reaction, or in general, these processes are separated in time (the
process of mechanical activation or reaction milling).

At reaction milling due to plastic deformation of a substance
processed the accumulated energy is usually consumed to the formation
of defects in activated crystals: dislocations, atomic and ionic vacancies.
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Fig. 1. Schematic representation of the stress fields formation factors arising at reac-
tion milling the main channels of their relaxation

In addition, a significant deformation of the crystal lattice of initial
material can lead to the destruction of interatomic bonds, which results
in the formation of free radicals in covalent crystals, and to amorphization
of molecular crystals.

If a multicomponent powder blend is mechanically treated then the
supersaturated solid solutions and stable or metastable inorganic com-
pounds [33—36] may form as a result of solid state mechanochemical
reactions between initial components (mechanical alloying). In addition,
the main factors that determine the possibility of solid solutions forma-
tion by mechanical alloying are the similarity of the atom sizes of com-
ponents and correspondence of their crystalline structures.

It was shown that MCP proceeds by a diffusion mechanism, but un-
like the normal diffusion process, it carries with abnormally high values
of diffusion coefficient of the atomic components. This type of diffusion
has been termed ‘deformation atomic entanglement’ or ‘ballistic diffu-
sion’. Its mechanism is significantly different from the mechanism of
normal diffusion, which is determined by the gradients of component
concentrations. There is still no single thought about the mechanism of
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deformation atomic entanglement. It is assumed either that the diffusion
at mechanochemical synthesis is carried out on the interstitial positions
in the lattice [37] or that the channels of this diffusion are dislocations,
the amount of which in the case of MCP is constantly increasing [38].

Effect of the above factors on formation of the stress field, as well as
the main ways of their relaxation, are schematically depicted in Fig. 1.
In this case, the left side of scheme visualizes the processes of grinding,
and the right part characterizes the reaction milling.

Thus, the look back review of processes that are implemented in
mechanochemical processing and the mechanisms governing these pro-
cesses, revealed the promising use of mechanochemical method for low
temperature synthesis of high-temperature carbide phases. In this paper,
we present experimental data on the MCP synthesis of two-component
transition metal carbides in a high-energy planetary ball mill using the
carbon nanotubes as a carbon component of the charge.

2. Materials and Methods
2.1. Source Materials

Charge of the required composition of the initial metals and multiwall
carbon nanotubes (CNT) was used in the mechanochemical synthesis of
carbides and composite materials studied. d-transition metals employed
in a synthesis are summarized in Table 1 (purity of metals is no less
than 99.95% by weight). Fig. 2 shows as an example the morphology of
the iron and copper powders used. Micrographs obtained by scanning
electron microscopy (SEM) demonstrate the uniform size distribution
of metal particles and an absence of coalescent agglomerates. SEM
images of other initial metals are similar to those presented at Fig. 2.
Besides, the calibrated metal filings were used as initial metal materials
for reaction milling of the Me—CNT carbides (Me =V, Y, Zr, Hf, Ta),
Table 1.

The multiwalled carbon nanotubes used in this study as a carbon
component of the charge were synthesized by catalytic chemical vapor
deposition method (CVD) at TM Spetzmash Ltd (Kyiv, Ukraine). Al,O,,
MoO,; and Fe,O, oxides were used as the catalysts for the CNT production.
Propylene obtained by dehydration of isopropyl alcohol was a source of
the carbon. Parameters of CNTs are as follows: the average diameter is
10—20 nm, the specific surface area (determined by argon desorption
method) is 200—400 m?/g and their poured bulk density varies from 20
to 40 g/dm?. TEM image of carbon nanotubes is shown in Fig. 3. It is
possible to observe the presence of CNT agglomerates, which essentially
complicates the process of manufacturing composites with a uniform
CNT distribution by traditional methods of powder metallurgy.
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2.2. Mechanochemical Processing

Elemental metal powders (or metal filings) and multiwall CNTs were
mixed to give the desired average composition and sealed in a vial
(height of 70 mm, diameter of 50 mm) under an argon atmosphere. The
high energy planetary ball mill used for MCP is a custom made model
developed at the Metal Physics and Ceramics Laboratory of the Taras
Shevchenko National University of Kyiv. Hardened stainless steel balls
(11 units of 15 mm diameter) with a ball-to-powder weight ratio of 40:1
were used. The vial temperature was held below 375 K during the
experiments by air cooling. The milling process was cyclic with 15 min
of treatment and 30 min of cooling time. The rotation speed was equal
to 1480 rpm; the acceleration was about 50 g; the pressure for a substance
particle reached 5 GPa.

2.3. X-Ray Diffraction Methods

The full complex of the x-ray diffraction methods (XRD) has been used
to study the kinetics of phase transformations of the initial charge at
mechanochemical processing in a ball mill as well as structural changes
in phase components (lattice periods, presence of vacancies, etc.), and
the parameters of real structure (crystallite size, deformation of the
crystalline lattice) of the synthesized carbides.

The XRD data were collected with DRON-3 or DRON-4 automatic
diffractometers (CuK, or CoK_, radiation, respectively) for the proof
samples selected after a certain milling time. The diffraction patterns
have obtained in a discrete mode under the following scanning parameters:
observation range 20 = 20—-130°, step scan of 0.05°, and counting time
per step at 3 s.

The original software package developed by us for the automated
DRON equipment has been used for analysis and interpretation of the

Fig. 2. SEM micrographs of the source powders: a — iron (200 um of size) and
b — copper (60 pum of size)
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Fig. 3. TEM micrographs of the multiwalled
carbon nanotubes

x-ray diffraction data obtained. This
package contains a full range of standard
Ritveld analysis and is intended for
solving different XRD tasks, namely,
determination of both peak positions
and integral intensities of the Bragg re-
flections by means of full profile ana-
lysis; carrying out qualitative and quan-
titative phase analysis using PDF data

for phase identification and the least square method for lattice constants
refinement; testing of the structure models and refining crystal structure
parameters (including coordinates, atomic position filling, texture,
etc.). The mathematical algorithms realized for these calculations are

Table 1. Crystallographic data of phases formed in Me—CNT charge
after 60 min of processing in a ball mill

Lattice parameter, nm
CNT
Me Initial Structure p . . R content
material type roduct synthesized Initial metal B calculated,
at.%
a c a c
Ti | Powder, Mg 0.2954(2) [0.4685(3)| 0.2951(2) | 0.4686(2) | 0.112 ?
90-125 um
A% Filings, a-Fe [0.3027(3) 0.3030(3) 0.029 16(2)
<200 pm
Fe | Powder, a-Fe |0.2866(2) 0.28665(4) 0.0029 9(2)
3d <200 pm
Co | Powder, Mg 0.2508(2) [0.4076(8)| 0.2507(2) |0.40695(4)| 0.110 ?
<80 pm
Ni | Powder, Cu 0.35225(2) 0.3524(1) 0.012 5(1)
<80 pm
Cu| Powder, Cu 0.3638(2) 0.36149(3) 0.024 2(1)
<60 pm
Y | In pieces Mg 0.3641(2) |0.5747(5)[0.36474(3)|0.57306(4)| 0.092 ?
Zr | Filings, Mg 0.3239(2) [{0.5148(2)| 0.3232(1) | 0.5147(1) | 0.098 ?
<200 pm
4d|Nb| Powder, a-Fe (0.33043(2) 0.3300(1) 0.013 10(2)
<40 pm
Mo | Powder, a-Fe |0.3147(3) 0.3147(1) 5(1)
<40 pm
Hf | In pieces Mg 0.3190(4) |0.5044(5)| 0.3196(2) | 0.5051(1) | 0.086 ?
Ta | Filings, a-Fe |0.3310(2) 0.33013(3) 0.025 4(1)
5d <200 um
W | Powder, a-Fe |0.3168(3) 0.31652(3) 3(1)
<40 pm
12 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 1
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Fig. 4. Phase composition (wt.% ) of the Ti—CNT charge reaction milling vs. the pro-
cessing time

Fig. 5. The Williamson—Hall plots for phases of the Fe-TiC samples: (1) a-Fe (120
min of processing), (2) TiC (120 min of processing), (3) TiC (compacted sample), (4)
a-Fe (compacted sample)

similar to those used in WinCSD software [39]. More information about
this package is available in Ref. [40].

Typical kinetic curve of the TiC phase transformations at MPC is
shown in Fig. 4. It should be noted that test samples selected after 60 mi-
nutes the processing contain Ti and TiC phases along with a certain
amount of iron (Fig. 4) that appears in the sample due to the wear debris.

Similar curves that visualize the course of the synthesis process
were obtained for each carbide phase synthesized.

Crystallites size and deformation of the crystal lattice of the phases
synthesized were determined through the Williamson—Hall method [41].
The average values of the grain size D and deformation of the crystal
lattice ¢ of the carbides synthesized were estimated via the peak broa-
dening. The Williamson—Hall graphs are plotted as dependencies of scaled
broadening of Bragg’s reflections, b*(20) = B(20)(cos0)/A, on scattering
vector S = (2sin0)/A for each test sample have been studied, where 6 is
the Bragg’s reflection, A is the wavelength, 3(20) = (FWHM? - FWHM?%)'?
isanintrinsic broadening (where FWHM,  and FWH M , are experimental
and instrumental broadening, respectively).

Typical Williamson—Hall graphs plotted for the phases present in
the Fe-TiC composite (see section 4.1.1) are presented in Fig. 5. The
average grain size D could be found by extrapolating the b"(20) depen-
dencies onto S = 0 axes as D = 1/b"(20) at 6 = 0. The average micro-
deformation of crystal lattice € could be found from slope of the b"(20)
straight line versus S as ¢ = b(20)/28S.

Taking into account the fact that £(S) dependence obtained for the
TiC phase is a horizontal line (Fig. 5) one can conclude that only a fine
structure of this carbide (and not a deformation of its crystalline lattice)
makes an influence on the diffraction peaks broadening of this phase.
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2.4. Electron Microscopy

The method of scanning electron microscopy (SEM) was used both to
analyze the microstructure of the synthesis products and to determine
the elemental composition of the phase components. SEM exanimation
of the samples was carried out using JEOL JAMP-9500F field emission
auger microprobe operated at 10 kV or a scanning electron microscope
ZEISS EVO 50XVP operated at 15 kV, which offers the flexibility of
optional analysis functions such as an energy-dispersive x-ray spec-
troscopy (EDS).

The detailed analysis of samples microstructure was carried out by
transmission electron microscopy (TEM). TEM images of the CNTs and
composites after milling were obtained with a transmission electron
microscope SELMI PEM-125K operated at 100 kV.

3. Characteristic of Interaction
in the Metal-CNT Binary Systems

Materials with carbon content are widely used in industry mainly as the
iron based alloyed solid solutions (steels). Carbides of transition metals
keen demand as wear-resistant coatings and fillers of metal matrices
when creating solid wear-resistant materials (solid alloys, etc.). Tra-
ditionally, the graphite or carbon black are used as a carbon component
for the manufacture of these materials. However, the carbon nanotubes
(CNTSs), which are characterized by unique combination of the mechanical
characteristics due to their size, geometry and crystal structure [42—44]
look as a promising component of novel functional materials with im-
proved mechanical, thermal, and magnetic properties. Carbon nanotubes
form agglomerates in the initial state, which usually do not undergo
destruction and grinding that essentially complicates their use in the
development of materials. However, mechanochemical processing of the
CNT-containing charge in a high-energy ball mill allows us to produce a
variety of commercially useful and scientifically interesting materials
since CNTs are amorphized under processing and homogeneously distri-
buted in volume. Due to the substantial grinding of the charge and the
destruction of carbon nanotubes, such processing ensures high reactivity
of the components. The interaction of the metal with CNTs that occurs
at the same time leads to the formation of supersaturated interstitial
solid solutions and/or carbide phases, usually with a modified structure
and improved properties.

The authors of this review have achieved a certain success in syn-
thesis of the carbide phases by mechanochemical processing of the Me—
CNT charge in a high-energy ball mill [45—-47] and these results are
discussed herein.
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3. 1. Solubility of the Carbon Nanotubes in d-Metals

Studying kinetics of the transition metal carbidization, a special atten-
tion was paid to identify the changes in the initial metals occurring in
their interaction with carbon nanotubes during mechanohemical process.
For this purpose the test samples selected after 60—90 min of processing
of the initial charge in a ball mill have thoroughly tested under XRD
method.

According to the XRD data, at the initial stages of mechanochemical
processing the diffraction patterns from the milling products are similar
to those form the initial metals. Indeed, Figs. 6, 7 present diffraction
patterns for three test samples, representing three different type struc-
tures for the metals studied, namely, the Fe—CNT (a-Fe-type structure),
Cu—CNT (Cu) and Zr—CNT (Mg). It should be noted that according to the
XRD results the calculated lattice parameters for main phases existing
in the Me—CNT blends practically correspond to those for initial metals
(Table 1) after 60 min of processing.

The crystal structure calculations for the milling products selected
after 60 min of processing have revealed that the best agreement between
experimental and calculated intensities of reflections (R, factors are
less than 0.03, Table 1) can be achieved for a trial model in which atoms
of carbon are implanting in octahedral pores of Cu and a-Fe-type struc-
tures with simultaneous appearance of vacancies in the metal atom
positions. More specifically, the following model is proposed for f.c.c.-
metals: the Fm3m space group, Me atoms are placed in 4(a) (0 0 0); C
atoms are placed in 4(b) (0.5 0.5 0.5) (the occupation of 4(a) position is
slightly less than 1, and 4 (b) position is only partially filled with carbon
atoms). A model proposed for b.c.c.-metals is as follows: the Im3m space
group, Me atoms are placed in 2(a) (0 0 0); C atoms are placed in 6(b)

2t 3
g Fe-CNT, 60 min =
“r \ = Zr-CNT, 60 min
£ £t
<[ < |
>, >
=7 Cu-CNT, 60 min b=
n n
=] a
g1 | g W
= A 5
50 60 70 80 90 100 110 30 40 50 60 70
20, degrees 20, degrees

Fig. 6. XRD patterns of the Fe—~CNT and Cu—CNT powders treated for 60 min in a
ball mill, CoK, radiation

Fig. 7. XRD pattern of the Zr—CNT charge after 60 min of the processing, CukK,
radiation
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CuC, structure C.N. 6, octahedron Fig. 8. Structure mappings of in-
© C Cu 0.1819 ter.stltlal solid s011'1t10¥1$ on the XY
Cu 0.1819 axis (see also this figure at the
€ Cu 0.1819 web-site of the journal)
Cu 0.1819
Cu 0.1819 o
Cu 0.1819 (0.5 0 0). Similarly to f.c.c.-
C.N. 6, octahedron o- Fegc structure structures, the occupation of
C C 1.433 2(a) position is slightly less
C  1.433 than 1, and position 6(b) is
C 1.433 . . .
C  1.433 only partially filled with car-
Fe 1.433 o bon atoms. Thus, the cubic
Fe 1.433 phases studied are MeC, in-
Zr,C, structure C.N. 6, octahedron terstitial solid solutions with
C 7 2193 %mplantln.g the carbon .at.or.ns
Zr 2.193 into lattices of the initial
Zr 2.193 metal. Mappings of two typical
Zr 2.193 .
Zr 9.193 structures of cubic CuC, and
Zr 2.193 FeC, interstitial solid solutions
of are shown in Fig. 8. The

calculated amounts of carbon,
which is implanting in the octahedral pores of structures, are listed in
Table 1. In the case of phases with hexagonal crystal structures,
calculations made in the Mg-type structure did not lead to a correct
result even taking into account the existing of texture (R, factor was
higher than 0.09, Table 1). Therefore, it was suggested that the internal
rhombic deformation of the Mg type structure is inherent to these
phases. Thus, further calculations were carried out within the framework
of an orthorhombic lattice with a, , = a,.., b, = ahex\/g » Cromb = Chex>
Cmem space group Me atoms are placed in 4(c) (0 z 0.25); C atoms are
placed in 4 (a) (0 0 0). Similarly to the above cubic structures, occupation
of 4 (c) position is slightly less than 1 while 4 (a) position is only partially
filled with carbon atoms. Calculated values of the crystallographic

Table 2. Crystallographic parameters of interstitial
solid solutions on the base of hexagonal metals

Lattice parameter, nm CNT

content

Me Mg type structure ZrC, type structure 2 Ry calcu-
lated,
a c a b c at.%

Ti |0.2954 (2)| 0.4685(3) | 0.2945(3) | 0.5111(5) | 0.4687(3) |0.303(2)[0.051| 8(2)
Co | 0.2508(2) | 0.4076(8) | 0.2498(2) | 0.4342(3) | 0.4063(4) | 0.333(3)[0.056| 4(1)
Y |0.3641(2) | 0.5747(5) | 0.3633(2) | 0.6320(5) | 0.5741(5) [0.318(5)|0.058| 12(1)
Zr |0.3239(2) | 0.5148(2) | 0.3242(4) | 0.5590(6) | 0.5139(5) | 0.318(4)|0.055| 7(2)
Hf | 0.3190(4) | 0.5044(5) | 0.3209(5) | 0.5538(6) | 0.5051(5) [0.314(5)|0.051| 1
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characteristics of the distorted hexagonal phases taking into account
the texture are contained in Table 2. It should be noted that this
structural model, describing the above interstitial solid solutions, could
be considered as a new ZrC, type structure.

Therefore, performed calculations have shown that the orthorhombic
model better describes the crystal structures of the interstitial solid solu-
tions formed on the base of initial metals with Mg-type structure. The
projection of this structure on the XY plane is shown at Fig. 8. It is seen
that the carbon atoms have an octahedral environment of metal atoms.

Thus, XRD study showed that the formation of the interstitial solid
solutions with carbon atoms implanted in the octahedral pores of the
crystal structures of the initial metal takes place at the first stage of
the Me—CNT charge processing in a ball mill. In this case, the metal
sub-lattices of all solid solutions become vacant. Moreover, the lattices
of the metals with Mg-type structure become essentially internally
deformed.

It is natural to assume that the main factor regulating the formation
of these interstitial solid solutions is the diffusion of the carbon atoms
into a metal lattice. Indeed, the analysis provided has shown that the
amount of CNTs, which are implanting in the crystal lattice after 60
min of milling (Table 3), correlates well with the values of the activation
energy of carbon diffusion in the corresponding metals independently
on the crystal structure of the metal matrix, (Fig. 9).

Table 3. Solubility of the carbon in solid solutions obtained by MCP
and solubility of the carbon in metals at high temperatures

Carbon Solubility, at.%
- Activation energy
Me Calculated carbon content solul\k/fﬁ?:;l;mt}f:r:g)lﬁlib- oii#iu?gn,
in materials studied rium diagram ole
Ti 8(2) 3.1 139
A\ 16(2) 2.6 113
3d Fe 9(2) 0.02 134
Co 4(1) 4.3 155
Ni 5(1) 2.7 160
Cu 2(1) 0.03 188
Y 12(1) 8.8 ?
Zr 7(2) 2.0 147
4d Nb 10(2) 0.26 134
Mo 5(1) 1.1 153
Hf 1 2.0 209
5d Ta 4(1) 0.1-7.5 161
w 3(1) 0.7 169
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X
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S0t Fig. 9. The dependence of carbon
g content in d-metal based solid solu-
© tions on the activation energy of the
% 5r C diffusion in a metal. Solid solu-
”c% tions obtained by mechanochemical
&} ol synthesis are marked by circles. The

. . ! ! ! maximum solubility of carbon (from
120 140 160 180 200 220 to the data for corresponding state
Activation energy, kJ/mole diagrams) is marked by triangles

According to the data obtained it is clear that if in the state of
thermodynamic equilibrium, the solubility of carbon in the initial
d-metals at high temperatures (above 1500 °C) usually does not exceed
3—4 at.%, than the processing of the Me—CNT charge in a ball mill leads
to the formation of the carbon-rich metastable solid solutions. The
solubility of carbon in these supersaturated solid solutions is usually
substantially higher than its solubility in a stable state (Fig. 9). During
formation of supersaturated solid solutions, the amorphous carbon is
implanting in the octahedral pores of structures of known a-Fe and Cu
types, as well as in the octahedral pores of a rhombic distorted Mg type
structures.

3.1.1. Carbides of llIb, IVb and Vb Groups

Process of formation of IIIb, IVb and Vb monocarbides with the NaCl-
type structure as well as carbides existing in the Y-CNT system have
studied. Type and characteristics of the initial metals used are sum-
marized in Table 1.

Synthesis of the TiC, ZrC, HfC, VC, NbC, and TaC Monocarbides. A
set of experiments on the mechanical alloying of the equiatomic Me:CNT
(1:1) mixtures was carried out in order to study the MeC process of
formation (Table 1). According to the XRD results MeC phase is the
only constituent of the test samples selected after 210-400 min of
processing in a planetary ball mill (samples do not contain any traces of
initial metals). The refined lattice parameters for monocarbides
synthesized are given in Table 4. It should be noted that the MeC lattice
parameters obtained here are significantly lower than those which are
inherent to conventional monocarbides (Table 4). Fragments of the
typical XRD patterns obtained for the final milling products are shown
in Fig. 10. Average values of the crystalline size D and lattice deformation
¢ were defined (Table 5) from the broadening of the MeC peaks on XRD
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patterns. The calculations have revealed that D values for mechanically
alloyed MeC are equal to 10-30 nm.

It should be noted that according to the phase analysis results the
formation of MeC monocarbides is accompanied by wear debris of steel
vial and balls. Therefore, some test samples along with the MeC phase
contain an admixture of the a-Fe phase (marked as ‘x’ at Fig. 1), the
amount of which increases with processing time increasing. In order to
eliminate the samples from the iron contamination, we treated all milled
powders in a 50% solution of hydrochloric acid and 5 times washed in

Table 4. Crystallographic data of MeC monocarbides synthesized
by the reaction milling of Me—CNT charge

Experimental data for Me—CNT charge

Carbide Reaction milling Annealing at 700 °C after reaction milling
Lattice parameters, | Lattice parameters, R, Me cor(}tent, Formula
a, nm a, nm at.%
TiC 0.4297(9) 0.4301(1) 0.037 48.3 XRD Ti, ,C
48.8 EDS
ZrC 0.4651(8) 0.4655(1) 0.037| 49.6 XRD Zr, 0,C
49.2 EDS
HfC 0.4589(1) 0.4588(1) 0.013 50.0 XRD HfC
Ve 0.4154(5) 0.4156(1) 0.034 | 47.0 XRD V,.0.C
46.6 EDS
NbC 0.4447(2) 0.4446(1) 0.022 | 46.8 XRD Nb, ,,C
45.3 EDS
TaC 0.4435(9) 0.4436(2) 0.035| 46.7 XRD Ta, ,,C
47.7 EDS

Reference data for carbides obtained from Me-graphite charge

Carbide Reaction milling Conventional carbides
Lattice parameters, Formula Lattice parame- | Me cor;tent, Formula
a, nm ters, a, nm at.%

TiC 0.4311 TiC 0.4327 51.3 TiCy g5
0.4323 TiC, g

ZrC 0.4651 ZrC, ZrC 4, 0.4693 51.3 ZrC 45
0.4695

HfC 0.4626 HfC, 0.4642 50.0 HfC

VC 0.4133 VC, 0.4167 53.1 VC, g
0.4416 VC

NbC 0.4422 NbC, NbC, 0.4470 51.3 NbC, 45
0.4468

TaC - - 0.4456 50.0 TaC, o5
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Fig. 10. XRD patterns of the
Ve milled Me—CNT charge, CukK,
N radiation

x TiC distilled water away from
the FeCl, precipitate. The
WWM purified powders were dried
at room temperature for
HEC 48 hours. According to
EDS data the content of
30 35 4'0 45 50 iron in such powders trea-
20, degrees ted in HCI does not exceed

0.2 wt.% .

Unfortunately, due to an essential broadening and small number of
diffraction peaks on the diffraction patterns of the final milling products
(Fig. 10), it is impossible to refine the crystal structure of the carbides
formed correctly. Consequently, the chemically treated samples have
been annealed for 2 h at 700 °C under argon atmosphere in order to di-
minish or even remove additional microdeformations of the crystal
lattice, and thus, to improve the overall appearance of the x-ray patterns
(Fig. 11). XRD study has revealed that the lattice parameters of the
MeC monocarbides existing in the annealed samples are similar to those
in the final milling products (Table 4), while diffraction peaks on their
patterns are significantly sharpened (Fig. 11). The D and ¢ values for
the MeC phases after annealing were determined by the Williamson—
Hall plot and approximation method. It should be noted that annealing
is accompanied by a reduction of the lattice strains, while the crystalline
sizes do not change (Table 5).

Intensity, arb. units

Table 5. Crystallite size and deformation of the crystal lattice
of the MeC carbides formed by the reaction milling of the Me—CNT charge

Material synthesized After annealing at 700 °C
Carbide Crystallite size, | Lattice deformation, | Crystallite size, | Lattice deformation,
D, nm g, % D, nm g, %

TiC 24 (1) 2.54(5) 22 (2)%/11(1)* 1.15(4)
ZrC 33(3) 1.24(4) 26(2)/13(1) 1.26(4)
HfC 32(3) 2.27(5) 29(3)/4(1) 1.59(5)
vVC 10(2) 2.34(5) 12(2)/7(1) 1.45(4)
NbC 13(1) 1.39(4) 8(1)/8(1) 0.47(1)
TaC 19(2) 1.85(4) 14(1)/9(1) 1.73(2)

*Calculated by the Williamson—Hall method. ** Obtained by the approximation
method.
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Fig. 11. XRD patterns of the milled Me—CNT charge after treatment by HCI and
annealing at 700 °C, CoK  radiation
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Fig. 12. The dependences of crystallite size D (a) and concentration of vacancies C_,,
(b) in a metal sublattice on the enthalpy of monocarbide formation

The XRD results obtained have reviled that the milling time required
for a complete transformation of the raw components into a corresponding
monocarbide correlates with the enthalpy of its formation AH) (see
more details later). Moreover, the enthalpy of monocarbide formation
proved to be a suitable parameter to analyse the character of a crystalline
size change in these phases. Obviously, the higher the enthalpy of
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VC,,, structure Fig. 13. Structure mapping of VC,
® carbide on the XY axis (online ver-
sion of the figure is also available)

¢ 5 ©
C.N. 8, cube © - P formation, the smaller grain
C2 C1 1.794 size of the corresponding MeC
Cl1 1.794 h Fig. 12, a).
phase (Fig. 12, a)
g} }:;gi : 0 Thus, due to the sharpe-
V. 1.794 . (W ning of diffraction peaks it
v LTod becomes possible to make a re-

Vo 1.794
Vo 1.794 ‘—c—‘ finement of the crystal struc-

ture of MeC phases. Calcu-
lations required have made in a framework of the NaCl-type structure
(Fm3m space group): Me atoms are placed in 4(a) (0 0 0) and C atoms
are placed in 4(b) (0.5 0.5 0.5). In doing so, we have refined both the
occupations of 4(a) and 4(b) positions by atoms and the isotropic
temperature factors. The validity of these calculations was confirmed
by the meaning of reliability factor R, that did not exceed 0.04 for each
phase (Table 4). Results of MeC crystal structure refinements have
revealed the existence of vacancies in 4 (a) position filled with the metal
atoms unlike crystal structure of conventional carbides in which 4 (a)
position is completely filled. In contrast to 4(a) position, the 4(b)
position is only partially filled with carbon atoms in both cases. Presence
of vacancies in a metal sublattice results in a significant shift of the
MeC composition to the carbon side, which was also confirmed by EDS
data (Table 4).

However, in addition to the proposed model of NaCl-type structure
with 4 (a) and 4 (b) positions partially filled by metal and carbon atoms
the variant of modified NaCl-type structure, in which the partial filling
of 8(c) (0.25 0.25 0.25) position by additional carbon atoms is realised,

Table 6. Distribution of components by the regular point system
in MeC monocarbides synthesized by MCP

Distribution of components
Carbide Me Carbon RB
4(a) 4(b) 8(c)
TiC 48.5 48.1 3.4 0.018
ZrC 49.4 48.2 2.4 0.009
HfC 50.0 50.0 0 0.013
VC 46.8 50.4 2.8 0.014
NbC 46.1 52.8 1.3 0.015
TaC 46.7 52.3 1.2 0.021
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Fig. 14. The dependences of the calculated value of the total number of atoms in the
structures of MeC carbides synthesized (a) and the partial volume per carbide atom
(b) on the enthalpy of formation (data for conventional MeC are marked as o, and
data for synthesized products are marked as e)

is possible. The calculations provided have revealed that placing of the
additional carbon atoms in 8(c) position significantly improves the value
of R, factor, but does not affect the composition of the compound
calculated within the common NaCl-type structure. It is worth noting
that the carbon atoms placed in 8(c) position have a cubic environment
consisting of metal atoms and other non-equivalent crystallographically
carbon atoms (Fig. 13).

It is possible to calculate the amount of the carbon atoms arranged
in cubic pores assuming that the proposed model of the modified NaCl-
type correctly describes the structure of MeC carbides forming under
MCP (Table 6).

Using the data of structural calculations, it is possible to estimate
the concentration of vacancies C,,, (%) in MeC monocarbides as C,, =
= C,.,/C'y.» where C,,, is the metal content in MeC formed under MCP;
C',,, is the metal content in a conventional monocarbide. It is shown that
C,,. values correlates with AH? ones for each MeC phase (Fig. 12, b).
Namely, the more complicated the formation of carbide is, the more
vacancies are accumulated in its structure. It is obvious that the presence
of vacancies causes a decrease in a total number of atoms N, , that has
calculated as for the MeC carbides obtained by MCP, as well as for
conventional monocarbides (Table 4). It appeared that the calculated
N, values correlate with the enthalpy of formation for MeC carbides
(Fig. 14, a). Moreover, if this value varies slightly for conventional car-
bides, then this value increases monotonically for reaction milled carbides
(from VC to HfC for which N,,  corresponds to the stoichiometric one).

In our opinion, the presence of structural vacancies in the metal
sublattice is responsible for a decrease of the lattice parameters of MeC
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Fig. 15. SEM micrographs of the milled Me—CNT charge, where magnifications are
x1000 (a) and x10000 (b)

monocarbides obtained by MCP. Using a and N,, , values (Table 4) one
can calculate the partial volume per one atom in the MeC structure as
V/N .om- The results of calculations have revealed that the values of
partial lattice volume for carbides of the IVb group (TiC, ZrC, HfC)
synthesized by MCP are very close to those for conventional carbides,
while these values for Vb carbides (VC, NbC, TaC) are somewhat higher
(Fig. 14, b).

In order to study the morphology of MeC particles formed at MCP
of Me—CNT charge, the chemically purified powders were examined by
SEM and EDS methods. As a result, it was shown that all samples do not
contain any raw material traces. According to XRD and EDS data, the
MeC nanocrystals (size of 10—-30 nm) form a large powder particles (size
of 10-30 yum, Fig.15), which are the agglomerates of fine crystals.
Besides, the smaller size of the MeC crystallites (Table 5), the smaller
particle is formed (Fig. 15, a). Therefore, the largest particles are
inherent to HfC, while the smallest ones are observed for VC. Moreover,
individual nanocrystalline MeC particles could be found on the surface
of some big particles that is clearly seen in Fig. 15, b, obtained at a
higher magnification.

Thus, it was shown that nanoscaled (up to 30 nm) TiC, ZrC, HfC,
VC, NbC and TaC monocarbides with the modified NaCl-type structure
can be successfully synthesized in a short time (80-400 min) from
elemental metals and carbon nanotubes by mechanical alloying (mechano-
chemical processing) of the charge in a high-energy planetary ball mill.
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Synthesis of the Yttrium Carbides. It is known that the interaction
between yttrium and carbon leads to formation of a number of other
carbides besides of YC, carbide. Data on the composition and crystalline
structure of these compounds are quite ambiguous. Particularly, it
concerns Y,C (unknown structure), YC,,, (NaCl-type structure, a =
=0.5115 nm), Y,C (Ho,C, a = 0.3617 nm, ¢ = 1.796 nm), Y,C, (PbCl,, a =
=0.6574 nm, b=1.1918 nm, c = 0.3669 nm), Y,,C,, (Sc,,C,, a =0.794 nm,
¢ =1.588 nm), Y,C, (Pu,C;, a = 0.8233 nm), YC, (CaC,, a = 0.3685 nm,
¢ =0.6211 nm). Exactly this data were used to identify the phases that
are formed in the MCP carbides.

According to XRD result, the test sample selected after 60 minutes
of processing in a ball mill does not contain any raw charge materials
(elemental yttrium) (Fig. 16). The two yttrium carbides, namely, a
known cubic YC, ,, carbide with a = 0.5015 nm and a new YC, carbide
whose diffraction pattern was indexing well in a hexagonal lattice with
a=0.9041 nm, ¢ = 0.6296 nm make a phase composition of this sample.
Further processing of the charge does not lead to a change in the phase
composition of MCP products, but lattice parameters of both phases
gradually decrease. Thus, for YC, ,, carbide: a = 0.4917 nm after 120 min
of milling and a = 0.4894 nm after 180 min. In turn, for YC, carbide:
a = 0.8978 nm, ¢ = 0.6213 nm after 120 min of treatment and a =
=0.8903 nm, ¢ = 0.6171 nm after 180 min. Particular emphasis needs
to be placed on that fact that test sample selected after 180 min of
milling contains some amount of a-Fe phase (wear debris). So, one could
jump into conclusion that material synthesized has a high strength since
the abrasion of the vial and balls clearly certifies it.

Thus, the experiments provided have shown the efficiency of using
the carbon nanotubes for mechanochemical processing of the yttrium
carbides with enhanced mechanical characteristics.

Y-CNT, 120 min

Fig. 16. Fragment of the
diffractogram of the Y-
CNT charge after process-
ing in a ball mill, CuK, ra-
diation. The reflections of
the YC, and YC,,, carbides [ i i A
are marked as ‘x’ and ‘O’, 25 30 35 40 45
respectively 20, degrees

Intensity, arb. units
R
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3.1.2. Carbides of VIb Group

To study the process of WC and Mo,C carbides formation a set of
experiments on mechanical alloying of the mixtures containing initial
metal powders and multiwall nanotubes as the carbon component
(Me:CNT ratio is equal to 1:1 for WC and to 2:1 for Mo,C) has been
performed. Initial metals used in MCP experiments are characterized in
Table 1. In order to control the phase transformations occurred during
the charge milling, the phase composition of the test samples selected
after each 1-2 h of processing have studied. According to the XRD
results, all test samples processed up to 4 hours in a ball mill contain no
other phases except an initial metal.

Synthesis of the Mo,C Carbide. According to Ref. [62], three poly-
morphous modifications are inherent to Mo,C carbide, namely, high
temperature (1440-2522 °C) Mo,C with W,C-type structure, high tem-
perature (1200-1440 °C) Mo,C with own type structure (distorted C-
Fe,N-type structure) and low temperature (<1200 °C) Mo,C.

The diffraction patterns of the test sample processed for 4 hours
and 5 hours in a ball mill (Fig. 17) are similar to each other and are

Table 7. Crystallographic data for W,C and Mo,C carbides formed
after 4 hours of processing in a ball mill [47]

Atom Site Site occ. x y z
W,C(E-Fe,N-type structure)
W% 6k 0.93(1) 0.333(1) 0 0.280(3)
c@1) 2d 1.00(1) 0.333 0.667 0.5
C(2) la 1.00(1) 0 0 0

Space group
Lattice parameter, nm
Independent reflections
Total isotropic B factor, nm?
Calculated content, at.%
Reliability factor

P31m (no. 162)
a =0.5168(3); ¢ = 0.4710(4)
27
B =1.80(2)-10°
65.1(3) W + 34.9(3) C
R, = 0.049

Mo,C (¢-Fe,N-type structure)

Mo 6k 0.80(2)
cQ) ‘ 2d 1.00(1)
C(2) la 1.00(1)

Space group
Lattice parameters, nm
Independent reflections
Total isotropic factor B, nm?
Calculated content, at.%
Reliability factor

0.333(1) 0 0.250(3)
0.333 0.667 0.5
0 0 0

P31m (no. 162)
a=0.5174(3), ¢ = 0.4744(4)
16
B =1.92(6)-10
61.7(3) Mo + 38.3(3) C
R, = 0.056
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Fig. 17. Fragment of the
diffractogram of the Mo—
CNT charge after process-
ing in a ball mill, CuK, ra-
diation. Reflection of the
Mo Fe,C carbide is indicat-
ed by ‘x’

Mo,C

Y-CNT, 300 min

Mo,C
Mo,C
Mo,C

indexing well in a hexa-
gonal lattice with a =
= 0.2991(5) nm, ¢ =
=0.4744(2) nm. That is
why the trial model for : : : :
Mo,C carbide was first 80 35 426 d 45 50 35
X , degrees

made in the frame of

the simplest W,C-type structure: P3m1 space group, Mo atoms are in
2(d) (0.333 0.667 0.25) and C atoms are in 1(a) (0 0 0). While the
refinement of atomic position filling, texture and isotropic temperature
factors providing in this structure model framework led to a good
agreement between experimental and calculated intensities of reflections
at diffraction pattern (the R, reliability factors is about 0.07), the
calculated value of Mo content is equal to 58(1) at.% Mo, which is too
small for Mo,C phase. So, the structure model of the (-Fe,N-type
structure was used as a trial model for Mo,C carbide obtained after 5
hours of processing in a ball mill. It was shown that results of calculation
presented in Table 7 characterize the crystal structure correctly [47].
However, the fraction of vacancies in the metal sublattice (=38 at.% C)
is somewhat higher than those inherent to carbon-rich side (=35 at.% C)
of solid solution on the base of the high temperature Mo,C carbide. It is
important to note that such a good result was obtained in the case of
calculation in the framework of the orthorhombic Mo,C-type structure
model, as well. Thus, a more symmetrical {-Fe,N-type structure model
is preferable in our opinion.

As follows from the phase analysis results, the formation of Mo,C
carbide is accompanied with the wear debris (steel vial and balls). Steel
(a-Fe, in fact) interacts with MCP products to form a Mo,Fe,C cubic
carbide with @ = 1.113(1) nm.

The average grain sizes D estimated by the classical Williamson—
Hall plots are equal to 5—7 nm as well as average relative deformation
of Mo,C lattice ¢ is equal to 0-0.5%.

Synthesis of the WC Carbide. The W,C carbide was shown to be the
main constituent in the test sample selected after 4 hours of milling
(Fig. 18). According to Ref. [62] three polymorphous modifications are
inherent to this carbide, namely, low temperature 1250-2100 °C W,C

Intensity, arb. units
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Mo,C structure Fig. 18. Structure mapping of Mo,C
€ and WC carbides on the XY axis
(see also this figure online)

C.N. 6, octahedron

C2 Mo 2.092
Mo 2.092 N ‘
Mo 2.092
Mo 2.092 I\
Mo 2.092 \ PR, with own type structure, high
temperature 2100-2400 °C
WC structure C.N. 6, trigonal prism  WeC with Mo,C-type structure
C W 2.173 (distorted (-Fe,N-type struc-
W 2.173 ture) and high temperature
VWV 2};2 2400-2780 °C W,C with (-
W 2175 Fe,N-type structure.
W 2.175 Since the diffraction pat-

terns of phases mentioned abo-
ve are similar to each other (their structures differ in internal deformation
only), each of these type structures was tested as a trial model for
determining the crystal structure of W,C carbide, forming after 4 hours
of processing in a ball mill. First calculation was made in the framework
of the most simple W,C type structure (P3m1 space group, a = 0.2984 (4)
nm, ¢ = 0.4710(4) nm): W atoms are placed in 2(d) 0.333 0.667 0.25
positions and C atoms are placed in 1(a) (0 0 0) positions. Refining of
atomic position filling, texture and isotropic temperature factors
providing in the framework of this type structure does not lead to a
good agreement between experimental and calculated intensities of
reflections at the diffraction pattern (R, reliability factors does not
exceed the value of 0.09) as well as to anomalous calculated value of
carbide composition (56 (1) at.% W). Therefore, further calculations for
the W,C structure were made in the frameworks of the Mo,C-and {-Fe,N-
type structures. Correctness of these calculations was controlled by the
reliability factors, which do not exceed the value of 0.05 for each model.
That is why a more symmetrical model ({-Fe,N-type structure) was
chosen for the W,C carbide structure (Table 5). As aresult, the calculation
has revealed that vacancies exist in 6 (k) position filled with the tungsten
atoms. Presence of vacancies in a metal sublattice leads to shift of the
W,C carbide’s composition onto =35 at.% C, which is inherent to the
carbon-rich side of the solid solution on the base of high temperature
W,C modification.
Further processing of the charge in a ball mill leads to gradual W,C —
— WC transformation taking place up to 10 hours of milling (Fig. 19).
As follows from the phase analysis results, the formation of WC mono-
carbide was accompanied by abrasion of the grinding materials leading
to a formation of the cubic W Fe,C carbide with a = 1.093(1) nm.
Therefore, along with WC phase the final test sample (10 hours of
milling) contains an admixture of W Fe,C phase (marked as ‘x’ in
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Fig. 19. Fragments of the
diffractograms of the W-
CNT charge after process-
ing in a ball mill, CuKa
radiation. Reflection of the
WFe,C carbide is marked
as ‘x’

WwC
K

© 600 min
=

Fig. 19). Crystal struc-
ture calculations revea-
led that WC carbide
crystallizes into comp-
letely filled structure
(own type-structure, 30 35 40 45 50 55
_ 20, degrees

space group P6m2, a =

=0.2874(4) nm, ¢ ==0.2811(5) nm): W atoms are located in 1(a) (0 0 0),
while C atoms are occupy positions in 1(d) (0.333 0.667 0.5) (R, =
= 0.054). The average grain sizes D of the WC carbide are equal to 4—
7 nm. Therefore, the results obtained here have revealed that the
reaction milling of the tungsten and CNTs equiatomic mixture results
in a stepwise transformation: initial charge - W,C — WC. At the first
stage (up to 4 hours of processing) the W,C carbide is formed. It should
be noted that a priority of existing the high-temperature W,C carbide
(¢-Fe,N-type structure) is expected since it is formed congruently at
2775 °C. At the second stage continuing 6 hours, the WC monocarbide
formation is a result of W,C + CNTs —» WC transformation. Finally, the
WC monocarbide is the main phase constituent of the product obtained
after 10 hours of the charge processing in a ball mill.

Intensity, arb. units

3.1.3. Carbides of VlIIb Group

Process of the Fe,C and Co,C carbides formation have studied on test
samples selected stepwise after processing of the initial Me—CNT (3:1)
charge in a planetary ball mill by the XRD, SEM and TEM methods
Initial metals applied for samples preparation are characterized in Table 1.

Synthesis of the Fe,C Carbide According to the XRD data the Fe,C
carbide appears for the first time in the test sample selected after 200 min
of milling the Fe—CNT charge. In this sample Fe,C phase coexists with
a solid solution on the a-Fe base. A significant amount of the Fe,C phase
was detected in a test sample selected after 300 min of milling (Fig. 20).

The indexing of the diffraction pattern obtained (Fig. 20) and
further calculation of crystal structure refinement indicate that the
phase synthesized from the Fe—CNT charge is actually the Fe,C carbide
(Table 8). It should be noted that values of the lattice parameters ob-
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Intensity, arb. units

Fe—CNT, 300 min

Co—CNT, 240 min

40

45 50

20, degrees

60 65

Fig. 20. Fragments of the diffractograms of the Me—CNT charge after processing in
a ball mill, CoK, radiation. Reflection of the a-Fe is marked as ‘x’

tained here for the Fe,C phase are higher than those for conventional

Fe,C carbide, viz.: a = =0.5089 nm, b = 0.64343 nm, ¢ = 0.4526 nm.
As a result of crystal structure modeling and refinement (Table 8)

it was found that mechanochemical processing of the Fe—~CNT charge

Co,C,., structure

C.N. 6, octahedron

C2 Col 1.654
Col 1.654
Co2 1.842
Co2 1.842
Col 1.953
Col 1.953

30

Fe,C,., structure

C.N. 6, octahedrom

c2 Fel 1.779
Fel 1.779
Fel 1.812
Fel 1.812
Fe2 1.846
Fe2 1.846

leads to the formation of
Fe,C,,, carbide with additio-
nal carbon atoms implanting
in the Fe,C crystal lattice. An
increase in the amount of the
carbon atoms leads to a shift
in the composition of Fe,C,,,
carbide from 25 to 28 at.% C.
Taking into account the exis-
tence of additional atomic po-
sition the crystal structure
of the Fe,C, . carbide could
be considered as a new type
structure of inorganic compo-
unds. The mapping of this car-
bide structure of onto the YZ
plane is presented in Fig. 21.

Fig. 21. Structure mapping of the
Fe.,C,,, and Co,C,,, carbides on the
YZ axis (see also this figure on-
line)
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It is known that the crystal structure of the Fe,C cementite contains
four empty equivalent octahedron with the iron atoms in vertexes (c-Feg)
and with centres in (0 0 0), (0 1/2 0), (1/2 0 1/2), and (1/2 1/2 1/2).
They are these empty octahedra, which partially filled with carbon atoms
during Fe,C,,, carbide formation (Fig. 21).

1+x

Table 8. Crystallographic data for Fe,C and Co,C carbides
formed after 4 hours of processing in a ball mill

Space group
Lattice parameters, nm
Independent reflections
Total isotropic factor B, nm?
Calculated content, at.%
Reliability factor

Atom Site Site occ. X Y Z
Fe,C (FeC,,, type structure)

Fe(1) 8d 1.00(1) 0.198(6) 0.055(4) 0.322(6)

Fe(2) 4c 1.00(1) 0.039(7) 0.25 0.844(6)

c@1) 4c 1.00(1) 0.949(10) 0.25 0.513(12)

C(2) 4a 0.17(4) 0 0 0

Pmna, no. 62
0.5106(9), 0.6774(7), 0.4526(1)
62
B =2.15(2)-10?
71.9(3) Fe + 28.1(3) C
R, =0.075

Sintered Fe,C (FeC,,, type structure)

Space group

Pmna, no. 62

Fe(1) 8d 1.00(1) 0.193(4) 0.065(2) | 0.348(5)
Fe(2) 4c 1.00(1) 0.059(3) 0.25 0.845(8)
cQ) 4c 1.00(1) 0.966(10) 0.25 0.507(12)
C(2) 4a 0.32(8) 0 0 0

Lattice parameters, nm
Independent reflections
Total isotropic factor B, nm?
Calculated content, at.%

0.5121(4), 0.6779(5), 0.4550(3)
62
B =3.65(2)-102
69.5(3) Fe + 30.5(4) C

Reliability factor

R, = 0.062

Space group
Lattice parameters, nm
Independent reflections
Total isotropic factor B, nm?
Calculated content, at.%
Reliability factor

Co,C (FeC,,, type structure)
Co(1) 8d 1.00(1) 0.209(2) 0.080(2) 0.357(4)
Co(2) 4c 1.00(1) 0.074(3) 0.25 0.837(6)
Cc() 4c 1.00(1) 0.050(6) 0.25 0.500(5)
C(2) 4a 1.00(4) 0 0 0

Pmna, no. 62
0.4928(4), 0.6626(5), 0.4404(1)
64
B =3.80(2)-102
60.0(4) Co + 40.0(3) C
R, =0.067
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Fe-CNT, HP

(031)

(121), (210)

Intensity, arb. units
(002)
(201)

Fig. 22. Fragment of the
diffractogram of the Fe—
CNT charge consolidated

L L L . by HP-HT method, CoK,
40 45 50 55 60 65  diation

20, degrees

From Fig. 20 representing diffraction patterns of the Fe,C,,, carbide
synthesized, it is evident that all diffraction peaks are broadened
(calculated crystalline size value is equal to 5—8 nm). This fact prevents
to perform crystal structure calculation correctly. That is why the final
powder product of synthesis was sintered at high pressure and high
temperature (HP-HT method, 8 GPa, 850 °C, holding time of 40 seconds).
The toroid type-high pressure apparatus was used to create the pressure
(the test powder sample was wrapped into the AIN foil).

The diffraction pattern of the sample consolidated in this way is
shown in Fig. 22. In this bulk sample, the calculated values of lattice
parameters for the Fe,C,  phase are somewhat higher (¢ = 0.5121(4)
nm, b = 0.6779(5) nm, ¢ = 0.4550(3) nm) than those of the initial
powder product of MCP (Table 8). The procedure of crystal structure
refinement has confirmed a correctness of the model proposed for the
Fe,C,., carbide and has shown that the solubility of carbon in this phase
increases to 30.5 at.% under pressure.

Measurements, which were carried out on the consolidated sample
have revealed that average value of the Vickers hardness is equal to
10.4(3) GPa. This hardness value is similar to that for conventional
Fe,C carbide.

Synthesis of the Co,C Carbide. The x-ray phase analysis of the test
samples selected after a certain processing time of the Co—CNT charge
in a ball mill, revealed that the Co,C carbide with a diffraction pattern
similar to that for Fe,C (Fig. 20) appears in test samples after 150 min
of milling. The Co,C phase coexists with the solid solution on the base
of hexagonal Co at earlier milling stages. A significant amount of the
Co,C carbide was detected in a test sample selected after 240 min of
processing in a ball mill (Fig. 20).
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The indexing of the Co,C diffraction pattern (Fig. 20) and further
crystal structure refinement within the framework of both Fe,C and
Fe,C,,, type structures has revealed that the variant with additional
carbon atoms is more preferable (Table 8). It should be noted that if the
4 (a) position in the Fe,C,, carbide structure of is only partially occupied
by carbon atoms then the total occupation of the 4(a) position is
characteristic for Co,C,,, carbide. Therefore, the composition of this
phase shifts from 25 to 40 at.% C. It is also clear that the implantation
of the additional carbon atoms to the octahedral pores of the Co,C
structure should cause a significant increase in the value of the lattice
parameter. However, the comparison of our data for the Co,C, . carbide
(Table 8) with the relevant data for conventional Co,C carbide (a =
=0.5033 nm, b=0.671 nm, ¢ = 0.4483 nm) certifies the likely decreasing
of its lattice parameters at MCP. However, the formation of the Co,C,,,
carbide is accompanied by a substantial internal deformation of the
initial Fe,C type structure (Table 8, Fig. 22). Therefore, since the atomic
radius of iron (0.126 nm) is higher than that of cobalt (0.125 nm), the
literature data for Co,C is obviously not correct.

Another metastable carbide, namely, Co,C (33.3 at.% C) with the
CaCl,-type structure, Pnnm space group, a = 0.2910 nm, b = 0.4409 nm,
¢ = 0.44426 nm was found earlier in the existence range of the Co,C,,,
carbide (40 at.% C). However, there were no observed traces of this
carbide in the synthesis product.

Thus, the Fe,C,, . and Co,C,,, carbides have been synthesized by
mechanochemical processing and their formation is accompanied by the
implantation of additional carbon atoms to the octahedral pores of the
Fe,C type structure.

3.2. Formation Mechanism
of the Transition Metal Carbides at MCP

The eleven carbides of d-transition metals (Table 9) were synthesized by
reaction milling of the Me—CNT charge. Note that the metals in a form
of powder or filings as well as in pieces were used as the initial components
of a charge (Table 1).

Test samples selected after a certain time of processing were studied
mainly by the XRD method. However, SEM and TEM methods were also
applied to study the synthesis of Fe,C carbide.

Since the carbon nanotubes are =x-ray amorphous, the phase
composition of the synthesis products was additionally controlled by
electron microscopy method. The study has revealed that if the XRD
pattern of a test sample selected after 60 min of processing contains
o-Fe reflections only, then the electron diffraction pattern of this test
sample contains a set of reflections from a-Fe and carbon (Fig. 23, a).
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Table 9. Overall characteristics of carbides synthesized
by MCP of the Me—CNT charge

Initial | Carbon content Carbide Lattice parameters, nm
metal in a metal synthesized a | b c
NaCl modified type structure
Ti 8(2) TiC 0.4301(1) - -
Zr 7(2) ZrC 0.4655(1) - -
Hf 1 HfC 0.4588(1) - -
A% 16(2) vC 0.4156(1) - -
Nb 10(2) NbC 0.4446(1) - —
Ta 4(1) TaC 0.4436(2) - -
Y 12(1) YC, 0.4894 (3) - -
C-Fe,N type structure
Mo 5(1) Mo,C 0.5174(3) - 0.4744 (4)
w 3(1) Ww,C 0.5168(3) - 0.4710(4)
WC type structure
w | 3(1) | wC | 0.2874(4) | - [ 0.2811(5)
Fe,C, . modified type structure
Fe 9(2) Fe,C 0.5106(9) 0.6774(7) 0.4526 (1)
Co 4(1) Co,C 0.4928(4) 0.6626 (5), 0.4404 (1)
Ni 5(1) - — - _
Cu 2(1) - - - -
" Carbon content in a carbide, at.%
Imilall Enthalpy of formation AH? ,
meta MCP Conventional technology kdJ -mole!
NaCl modified type structure
Ti 51.5(5) 48.7 -82.52
Zr 50.6(4) 48.7 -97
Hf 50.0(3) 50.0 -102.4
A% 53.2(5) 46.9 -57.8
Nb 50.4(5) 47.7 -66.8
Ta 51.3(4) 48.7 -68.4
Y ? ? ?
C-Fe,N type structure
Mo 38.3(5) 35 -5.25
w 35.1(6) 33 -29
WC type structure
w | 50(3) | 50 | -29
Fe,C ., modified type structure
Fe 28(5) 25 1.6
Co 40(4) 25 0.4
Ni - - -
Cu - - -
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Intensity, arb. units

46 48 50 52 54 56 58 60 62 6
c

20, degrees

Fig. 23. Fragment of the diffractogram (CoC, radiation) and elec-
tron diffraction patterns of Fe—CNT samples processed in a ball
mill for 60 min (a), 150 min (b) and 240 min (c) [46]

TEM image of this test sample (Fig. 24, a) shows that CNT (gray
threadlike particles) are moving towards to iron particles (black grains)
and partially wrap them. It is known [17] that after 15 min of processing
in a high-energy ball mill, carbon nanotubes are crashed onto the onion-
like particles, and at the further treatment (up to 60 min) CNT are
transformed into amorphous carbon. Therefore, it can be assumed that
two processes are realized at the initial stage of the mechanical alloying
of the Fe—CNT charge, namely: amorphization of the nanotubes and the
destruction of the iron particles. Together, these processes cause the
penetration of amorphous carbon along the grain boundaries of iron
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]
Fig. 24. TEM micrographs of the Fe—~CNT samples processed in a ball mill for 60
min (a), 150 min (b) and 240 min (c) [46]

particles, while the destruction of these boundaries increases the contact
area between iron and carbon, thereby increasing the reactivity at Fe—
CNT interaction.

Further milling of the Fe—CNT charge (longer than 60 min) leads to
the gradual formation of the Fe,C carbide. Although there are no visible
reflections of Fe,C carbide on the diffraction pattern of the test sample
obtained after 150 min of milling, its electron diffraction pattern
contains separate bright spot-like reflections from Fe,C carbide additional
to the diffraction circles inherent to a-Fe (Fig. 23, b). Moreover, there
are no individual carbon nanotube pacticles on the TEM image of this
sample (Fig. 24, b). Obviously, the amorphous carbon interacts with the
iron atoms forming a certain nucleation center of the Fe,C carbide phase
on the surface of metal particles (the light-colored inclusions on the
surface of the iron particles, Fig. 24, b). Besides, at this stage of the
milling, the iron grains are significantly deformed resulting in the
reducing of the size of their particles.

It is seen (Fig. 24, c¢) that after 240 min of the Fe—CNT charge
processing of in a ball mill, the process of intensive exfoliation of the
reaction products previously formed on surface of the iron grains begins.
TEM image of this sample displays the two types of clusters, namely:
dark spots of iron particles and light stains of Fe,C carbide. In addition,
the electron diffraction pattern of this sample shows a superposition of
the diffracted reflections of iron and Fe,C. Moreover, the presence of
this carbide could be already detected via x-ray diffraction also (Fig. 23).
On this stage, the carbide formation does not completed, but continues
mainly with the participation of carbon atoms, which saturated the
crystal lattice of iron at the initial stages of milling.

Obviously, that the above processes of the interaction between the
iron atoms and carbon nanotubes will also take place at the interaction
of CNT with other d-metals under the same technological conditions of
the Me—CNT charge mechanochemical processing.
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Thus, at the first stage of milling (usually up to 60 min of the
charge processing) the total energy of balls collision in a planetary ball
mill is spent mainly on the amorphization of carbon nanotubes and on
crushing the particles of initial metal along their grain boundaries.
Together these processes result in an increase of the number of fine
metal particles with a developed surface and enhanced reactivity.

At this stage, amorphous carbon penetrates into the metal lattice,
forming an interstitial solid solution due to the lattice and boundary
diffusion processes (Tables 1, 2). During diffusion the carbon atoms
place predominantly in the deformed octahedral pores of the initial met-
al lattices with a-Fe (V, Fe, Nb, Mo, Ta, W) and Cu (Ni, Cu) type struc-
tures, as well as in the octahedral pores of the rhombic distorted lattice
of the initial metals with Mg (Ti, Co, Y, Zr, Hf) type structure (Fig. 8).
Thus, at the first stage of milling, the main factor, which regulates the
formation of interstitial solid solutions independently on the crystal
structure of the initial metal, is the diffusion of the carbon atoms into
the lattice of corresponding metal. It was shown that the amount of
carbon atoms accumulated by the lattice of metal is well correlated with
the value of the activation energy of the carbon diffusion in the corre-
sponding metal (Fig. 25). As a matter of interest, the metal sublattices
of all solid solutions become vacant to a varying degree. Moreover, the
lattices of metals with Mg type structure become internally deformed.

At the second stage of the charge milling (usually processed from 60
to 250 min), process of the carbon atoms penetration into the metal
matrix is activated. This stage is also characterized by the initiation of
the carbide phase formation on the surface of the initial metal particles.
Generally, the milling time, required for complete transformation of
initial components to the carbide, correlates with the enthalpy of its
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Fig. 25. Dependences of g
the additional carbon 'g 7+
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formation. Then, if value of the enthalpy of formation for carbide (Tab-
le 9, Fig. 26) is lower (more negative), the process of this carbide
formation is more favorable thermodynamically. Talking this into ac-
count MeC monocarbides synthesized could be arranged by the simpli-
city of their formation in a ball mill (from less to longer treatment time)
as HfC —» ZrC — TiC —» TaC —» NbC — VC. Analyzing values of enthalpy
of formations listed in Table 9 an approximate time required for a
complete formation of these carbides could be estimated.

A detailed study of the crystal structure of MCP phases shows that
the excess carbon content is characteristic both for the carbides and for
interstitial solid solutions. Moreover, the appearance of this excess of
carbon is originated from both the existence of vacancies in metal sub-
lattice of the carbide, and by the implanting of additional carbon atoms
to the empty pores (octahedral or cubic) of the crystal structure of
carbide. The value of the carbon excess in the structure of the MCP
carbide (in relation to the carbon content in the structure of the con-
ventional carbide) correlates with the activation energy of carbon diffu-
sion in the corresponding metal (Fig. 24). That is, the two processes are
competing in the formation of carbide phase, namely, diffusion of the
carbon atoms to the lattice of initial metal and the formation of a carbide
phase from a saturated solid solution obtained.

Finally, at the third stage of reaction milling, the formation of
carbide is completed. In this case, the carbide particles are exfoliated
from the surface of metal particles when reaching the corresponding
critical thickness, and subject to milling with a decrease in their
crystalline size.

It is interesting, that the enthalpy value of carbide formation is a
convenient parameter to analyze the character of crystalline size
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variation for MCP carbides. Namely, the higher enthalpy of formation,
the faster the carbide is formed.

Thus, XRD study, as well as SEM and TEM examinations of samples
selected after a certain time of milling of the Me—CNT charge reveals
the most probable mechanism for carbide formation. It is clear that the
mechanical energy of balls collision is transformed into a heating energy,
creating a high-temperature field of local heating. The fact that the
high temperature Mo,C and W,C carbide modifications were formed in
the Mo—CNT and W—-CNT systems rather than polymorphic modifications
inherent to these phases at temperatures of synthesis (375 K) argues for
this assumption. Local temperature heating (creation of the temperature
gradients) initiates the process of amorphous carbon diffusion along the
boundaries and inside the grains of the initial metal. Enormity of a
diffusion flow results from the supersaturation of solid solutions with
carbon atoms, which place in the octahedral and cubic pores of metal
lattices. Moreover, destruction of this metal lattice due to formation of
structural vacancies also takes responsibility for enhanced diffusion
value. They are an increase in the reactive surface due to crashing of
the metal grains, as well as the presence of local stresses states caused
by the diffusion-induced deformation of lattices of the saturated solid
solutions that create the conditions for formation of just the carbide
phase. Therefore, most likely, the fields of mechanical stress are relaxing
in the two main ways, namely, heating and grinding (Fig. 1). Thus, in
this work the carbides of d-transition metals are formed mainly due to
selfsustaining reaction at mechanochemical processing, as previously
was shown for TiC in Refs. [567, 58].

4. Interaction in the Metal-Metal’-CNT Ternary Systems

Metal-matrix composites reinforced with ceramic particles (cermet) have
found their successful application in chemical, aerospace, automotive,
mining, oil and gas industries due to a unique combination of high wear
resistance, hardness, strength and corrosion resistance. The success in
a synthesis of nanoscale binary transition metal carbides via mechanical
alloying of the Me—CNT charge prompted us to perform a set of expe-
riments on the synthesis of nanocomposite materials (NCM), where the
carbides are formed in the metal matrix directly at milling of the Me—
Me'-CNT charge (Me is the metal matrix, Me' is the metal component
of a carbide phase). Three compositions in the Fe—-Ti—CNT system and
two compositions in the Ti—Cu—CNT system were selected as objects of
this study. A number of factors, such as relatively low cost of initial
metals, carbides synthesis rate, simple procedure of consolidation of the
powders milled as well as the expectation of a high strength and plasticity
of NCM obtained gives occasion to this choice.
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4.1. Fe-Ti—-CNT Composites

According to the data for Fe-Ti—C isothermal section [64] there
are the three-phase Fe—Fe,C—TiC region bordered by the two-phase Fe-
TiC and Fe,C-TiC regions in a solid state. Taking this into account,
three compositions were chosen from these regions: 70 wt.% Fe,
24 wt.% Ti and 6 wt.% CNT (56 at.% Fe, 22 at.% Ti and 22 at.% CNT)
(charge 1 for Fe-TiC region); 80 wt.% Fe, 11 wt.% Ti and
9 wt.% CNT (60 at.% Fe, 10 at.% Ti and 30 at.% CNT) (charge 2 for
Fe,C-TiC region); 72 wt.% Fe, 21 wt.% Ti and 7 wt.% CNT)
(56 at.% Fe, 9 at.% Ti and 25 at.% CNT) (charge 3 for Fe—Fe,C-TiC
region).

According to the XRD results of the test samples, the formation of
TiC carbide begins after 30 min of processing of initial charge in a ball
mill. Initial titanium is not detected in the test samples while o-Fe
remains their main constituent after 40 min of milling. Further
processing of charge 1 does not lead to a significant change in its phase
composition, but the milling of both charge 2 and 3 is accompanied by
the appearance and gradual increase of Fe,C phase, which coexists with
the TiC carbide. Finally, according to the results of quantitative phase
analysis the test samples selected after 150 min of milling have the
following phase composition:

o-Fe (75) + TiC (25) (charge 1),
Fe,C (86) + TiC (14) (charge 2),
o-Fe (34) + Fe,C (33) + TiC (33) (charge 3)

(Fig. 27), which practically corresponds to their chosen position on the
isothermal section of the Fe—Ti—C system.

It should be noted that the primary formation of the TiC and not
Fe,C carbide is not surprising since the free energy of formation of the
TiC phase is less than that of the Fe,C phase (Table 9). That is, the
formation of TiC carbide is thermodynamically more favorable than that
of Fe,C carbide. Therefore, during MCP of the charge the process of TiC
formation begins and finishes much earlier than that of Fe,C.

The diffraction peaks on the patterns are significantly broadened
(Fig. 27). Therefore, the average values of the grain size D, as well as
the average values of microdeformation of the crystal lattice € have
determined for all available phases (o-Fe, Fe,C, and TiC) using the
Williamson—Holl plots. It was shown that the crystalline size is equal to
3—10 nm for all these phases.

The milling process of charge 1 was studied in more details. The
analysis of the experimental data obtained shows that the grain size of
the TiC carbide formed during MCP is of 3—5 nm. Moreover, for a-Fe
phase the dependences of both the grain size and microdeformation of
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Fig. 28. The processing-time-dependent grain sizes (a) and microdeforma-
tion (b) for the a-Fe phase existing in the Fe—TiC composite (charge 1)

lattice on the milling time (Fig. 28) can be approximated by exponential
curves as

D = D, exp(-t/t) + Dy, ,
where ¢ is the milling time (min), in the case of grain size curve, D, and
D,, parameters can be interpreted as initial and final size (nm) of
crystallites (here, at t = 20 min, D, ~ 1300 nm, and D, = 4 nm).

In order to study the mechanical properties of the Fe-Ti—CNT
composites, the final powder products, selected after 150 min of milling,
were consolidated by HP-HT sintering. To ensure the desired sintering
parameters (8 GPa, 850 °C, 40 s treatment time), a toroid high pressure
cell was used (the powders were wrapped in AIN foil). According to the
XRD results, the phase compositions of the samples compacted by HP-
HT method are similar to those for powder products (Fig. 28). It is also
shown that microdeformations appear in the crystal lattices of TiC
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Fig. 29. The SEM micrographs of the compacted Fe—-Ti—CNT samples obtained after
120 min of milling charge I (a), charge 2 (b), and charge 3 (c) (x2000)
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Milling powder mechanical alloying of
T the blend (wt.%): Ti:Cu
(8:1) with 1 vol.% CNT
(powder) followed by the
sintering of this charge

. at 980 °C (T denotes ti-
25 30 35 40 45 50 55 tanium, C — copper, I —
20, degrees Ti,CuC,)

Intensity, arb. units
5 é
~
~
~

T

carbide at high pressure sintering, while those inherent to crystal lattice
of a-Fe phase, on the contrary, decreases slightly (stresses in the iron
matrix are partially removed). This fact illustrates Fig. 29, which clearly
shows the sharpening of peaks presented on the diffraction patterns.

The SEM images obtained show homogeneous phase distribution for
the consolidated samples with composition placed on two-phase lines,
namely, on Fe—TiC line (charge 1) and on Fe,C-TiC line (charge 2)
(Fig. 30, a, b). It was shown that during HP-HT sintering the nanoparticles
of the final powders (with a grain size of 4—8 nm) processed in a ball
mill are come together in fine-grained (grain size up to 22 nm) solid
materials having a quite high compactness. According to the EDS the
distribution of the elements in these samples is homogeneous and cor-
responds to the composition of charge 1 and charge 2, respectively.
However, in addition to small inclusions of the carbide phases the sample
with composition corresponding to the Fe—Fe,C—TiC three-phase region
(charge 3) contains large separate grains of iron (Fig. 30, c).

It was naturally to assume that the homogeneous and dense distri-
bution of carbide particles in the iron matrix could lead to an increase
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in the mechanical characteristics of nanocomposites obtained. For all
three NCMs the Vickers’ microhardness has measured on the PMT-3
device at room temperature. Preliminarily all samples have been polished
with a diamond paste. The load of 150 g has been applied to the each
sample for 15 s. Number of indentations per one sample was 50. Testing
of the HP-HT sintered composites reveal the high average Vickers’
microhardness values H,: 11.3(6), 18.3(4), and 14.6(3) GPa for the
sample obtained from the charges 1, 2, and 3, respectively.

4.2. Ti-Cu-CNT Nanocomposites

Two composition were prepared and processed in the Ti—Cu—CNT system,
namely, 75 wt.% Ti, 25 wt.% Cu, (79.9 at.% Ti, 20.1 at.% Cu) and
67.7wt.% . Ti, 33.3 wt.% Cu, (72.7 at.% Ti, 27.3 at.% Cu) [65]. The 1 vol.%
CNT was added to both of the mixtures. According to the XRD data, 60 min
of the initial charge processing in a ball mill results in the formation of
a nanoscale Ti,Cu intermetallic (a grain size of about 7 nm). However,
further processing does not lead to a change in the phase composition of
the milling product. Both final products of mechanical synthesis were
compacted by cold pressing the powders at room temperature and
following sintering at 980 °C. As result of the XRD study, it was found
that the phase compositions of the samples compacted in this way are
absolutely different from those of the powder products of synthesis.
Thus, it was shown, that the sample with 25 wt.% Cu (20.1 at.%
Cu), treated for 60 min in a ball mill and sintered at 980°C, contains a
new phase whose diffraction pattern indexing well in a cubic face-cent-
red lattice with a = 1.1514(3) nm (this phase is marked as a Ti,CuC
carbide in Fig. 21) as well as some addition of the initial titanium [65].
Lattice parameter obtained for Ti,CuC, phase and the characteristic
positions of its diffraction peaks on the diffraction pattern of this
sample give reason to suggest that this phase crystallizes in the Ti,Ni-
type structure with implanting carbon atoms. This assumption is quite
natural, as there is well-known Ti,Cu intermetallic compound, which
crystallizes in this type of structure (Ti,Ni one). That is why the
refinement of the crystalline structure of the Ti,CuC, carbide was carried
out in a model of the Ti,Ni-type structure with the testing of several
variants of the arrangement of implanting carbon atoms. The most
suitable trial model, which corresponds to the best correlation between
the experimental and calculated values of the intensity of reflections, is
given in Table 10. Calculation performed in the framework of this model
reveal that the crystal structure of the Ti,CuC, carbide is somewhat
defecting in copper atoms (it contains only 30.8 at.% Cu but not 33.3
at.% Cu as usually). Besides, it contains a small amount of carbon
atoms implanting therein (only 0.5 at.%). That is, the crystalline

x
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structure of this carbide is very slightly different from the crystalline
structure of the Ti,Cu intermetallic that generates it. The projection of
the structure of the Ti,CuC, carbide on the XY plane is presented in Fig. 31.

However, during the hot temperature sintering, the nanoscale Ti,Cu
intermetallic existing in the test sample with 27.3 at.% Cu, transforms
into a mixture of the above cubic Ti,CuC, carbide and the Ti,Cu,C,
phase, whose diffraction pattern are indexing well in a tetragonal lattice

with @ = 1.1985(2) nm, ¢ = 0.3044(1) nm (Fig. 32) [65].

Table 10. Crystallographic data for triple carbides formed
at sintering of the milled Ti—Cu—CNT charge [65]

Ti,CuC,
Atom Site Site occ. X Y Z
Ti (1) 48f 1.00(1) 0.449(1) 0.125 0.125
Ti (2) 16¢ 1.00(1) 0 0 0
Cu(1) 32d 0.82(1) 0.209(1) 0.209(1) 0.209(1)
Cu(2) 16e 0.16(1) 0.5 0.5 0.5
c) 8a 0.06(1) 0.125 0.125 0.125
Space group Fd3m, N 227
Lattice parameter a, nm 1.1516(3)
Independent reflections 34
Total isotropic factor B, nm? B=2.89(1)-10?
Calculated content, at.% 68.6 Ti, 30.8 Cu, 0.6 C
Reliability factor R, =0.078
Ti,Cu,C,
Atom Position Filling X Y A
Ti(1) 2a 1.00(1) 0 0 0
Ti(2) 8j 0.64(2) 0.128(1) 0.182(1) 0.5
Ti(3) 8j 0.76(2) 0.423(1) 0.228(1) 0
Ti(4) 4g 1.00(1) 0.301(2) 0.199(2) 0
Ti(5) 4h 0.24(1) 0.250(1) 0.250(2) 0.5
Cu(1) 4h 1.00(1) 0.401(1) 0.099(1) 0.5
Cu(2) 4g 0.64(1) 0.099(1) 0.401(1) 0
Cu(3) 8j 0.64(1) 0.995(1) 0.206(1) 0.5
C(1) 4i 0.33(1) 0 0.5 0.25
Space group P4/mbm, N 127
Lattice parameters, a, ¢, nm 1.1986(7), 0.3042(2)
Independent reflections 80
Total isotropic factor B, nm? B =3.89(1)-10?
Calculated content, at.% 58.3 Ti, 37.5 Cu, 4.2 C
Reliability factor R, =0.076
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Fig. 31. Projection of the carbide Ti,CuC, structure
Ti;Cu,C, structure onto the XY
plane, where blue (black), red
(grey), and green (light) circles de-
note titanium, copper, and carbon
atoms, respectively (for a better
distinguish of different atoms, the
reader is referred to the web ver-
sion of this article)

C.N. 4, tetrahedron

Cl1 C1 1.675
C1 1.675
Cul 1.675
Cul 1.675

Among the phase-analogs
suitable for identification of
the Ti,Cu,C, phase there is

only Ti,CuN nitride with an
c1 €1 1521

unknown crystal structure, c1 1591
which has close values of the Cul 1.842
tetragonal crystal lattice and gﬁ i'gg
similarpositionsofdiffraction Cu2 1.842

peaks. A verifying of several
trial models calculated in the
P4/mbm space group (preci-
sely this space group has
proposed for the Ti,CuN nit-
ride) led to a fully correct model of the crystal structure of the Ti,Cu,C,
carbide (Table 10, Fig. 32). It should be noted that this structure model
could be considered as a new, firstly described type structure of the
inorganic compounds. According to the data on the calculated compo-
sition of this compound it is defecting in both titanium and copper
atoms, and it also contains a certain amount of carbon atoms (4.2 at.%),

Compact

Fig. 32. XRD patterns
of the samples obtained
by reaction milling of
the blend (wt.%) Ti:Cu
(2:1) with 1 vol.% of
CNT (powder) followed
by sintering of this

Milling powder

Intensity, arb. units

charge at 980 °C (com- \ . . . .

pact): I — Ti,CuC,, 2 — 25 30 35 40 45 50 55
Ti,Cu,C, 20, degrees
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which are implanting in the tetrahedral pores of its metal sublattice
(Fig. 31).

Thus, the two Ti,CuC, and Ti,Cu,C, ternary carbides are formed
as a result of heat treatment (980 °C) of MCP products with 20—
27 at.% Cu. The crystal structure of the second carbide is determined
for the first time and belongs to a new, previously unknown type
structure.

The microhardness measurements, carried out for compacted samples
with 20.1 and 27.3 at.% Cu, revealed that these samples are heterogeneous
in terms of values obtained, which vary within the 6.9-7.1 GPa. That
is, regardless of the phase composition (availability of both Ti,CuC, and
Ti,Cu,C, carbides, as well as of other related phases) the average
microhardness of the obtained materials is much higher than that for
pure titanium (0.97 GPa) and for pure copper (0.37). Thus, an addition
to the Ti—Cu mixture with 20-27 at.% Cu of a small amount of CNT
makes a significant effect on the mechanical properties of the
nanocomposite materials obtained by compacting the powders treated in
a ball mill.

5. Conclusions

A set of experiments on mechanochemical synthesis of d-transition me-
tals binary carbides and composite materials on their basis has performed
using multiwalled carbon nanotubes as a carbon component of the
charge. As a result, nanoscale powders of the eleven carbides were
synthesized, namely, YCx, TiC, ZrC, HfC, VC, NbC, TaC, Mo,C, WC,
Fe,C, Co,C. Besides, most of them were synthesized firstly with the use
of CNT. In addition, nanocomposite materials of the Fe—Ti—-CNT and
Ti—Cu—CNT systems were compacted from the powders processed. The
nanocomposite materials obtained possess high hardness value, which is
provided by the formation of a carbide phase in metal matrix at
mechanochemical process directly.

It is shown that at the first stage of mechanochemical processing of
the initial powder blend in a ball mill the crystal lattices of metal
components of the charge are saturated with the carbon amorphized
that leads to formation of interstitial solid solution. At the same time
their metallic sublattice, on the contrary, becomes defecting on metals.
Both of these factors cause the supersaturation of solid solutions based
on the initial metals. Moreover, the amount of excess carbon (in relation
to its solubility under thermodynamically equilibrium conditions)
correlates well with the activation energy of carbon diffusion into the
lattice of the corresponding metal.

On the second stage the crystal structures of the binary carbides,
which are formed on the basis of distorted lattices of interstitial solid
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solution, are usually modified and characterized by additional carbon
atoms, which are placed in the pores of their initial structures (NaCl
and Fe,C type).

The complex of XRD, SEM and TEM data have revealed that the
d-transition metal carbides studied in this work at MCP are formed
mainly due to a self-sustaining reaction.

Efficiency of the carbon nanotubes application for manufacturing of
nanocomposite materials with advanced properties has shown. Mechanical
characteristics of these materials are regulated by the nanoscale metal
matrix and carbide phase, by the high density and by structural features
of their constituents (usually supersaturated with additional carbon).

Generally, the mechanochemical method can be very effective for
the synthesis of multicomponent carbides (substitutional solid solu-
tions), which cannot be obtained in any other ways. Since the duration
of the incubation period (the time before the formation of the carbide
phase begins) correlates with the enthalpy of formation of this carbide,
the criterion for formation of such mutual solid solutions could be the
similarity of their crystal structures and the proximity of the energies
of their formations.
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Hi 3 MIUXTH, 1[0 MICTUTH BYIJIElleBi HAHOTPYOKM, CUHTE30BaHO HAHOPO3MipHi MOHO-
(TopoIiKu) Ta moABiliHI (KOMIIaKTOBaHI HAHOKOMITO3UTH) KapOiam d-mepexigHux Me-
TaJiB. PO3riigHyTO BIJINB 6araToiapoBuX BYTJIEIeBUX HAHOTPYOOK HAa MeXaHOXiMiuHMI
CUHTE3 OJep:KaHUX MaTepiaiiB. 3’sacoBaHO 0COOIMBOCTI MexaHidMy (DOpMyBaHHA Kap-
0iniB mepexifHMX MeTaJiB y Impoleci MexaHOXiMiYHOTO cuHTE3y. 30KpeMa, IOKa3aHo,
110 Ha mepIiIomMy erari cuHTe3y (o 60 XxB 06po0IeHHA IITNXTH) Ma€ Micie amopgdisarisa
BYTJIEIIeBUX HAHOTPYOOK i mOApiOHEeHHA YaCTUHOK BUXIJHOT'O MeTaJIy II0 MeKaxX 3epeH.
Hanani amopdiszoBaHMUil ByrJjellb IIOTPAILIsE€ BCePeIUHY I'PATHUIIL MeTaJy, YTBOPIOIOUN
TBEPAUI PO3YMH BTiJIEHHS, BHACJIIJOK YOTO MeTaJieBi miArpaTHuIli Ha0yBaOTh AedeKT-
"Hoctu. Ha gpyromy erami cuaresy (Big 60 mo 250 XB po3MeI0OBaHHSA) IIPOIIEC BTiIEHHA
aromie Kap6oHy B MeTanmidyHy MAaTPUII0 IPUIIBUAIIYETHCA Ta HOYUHAETHCA (HOPMY-
BaHHA KapbigHux (a3 Ha MOBEePXHi YaCTUHOK BUXimHOrO Merasy. TpeTiii eran cuHTE3y
3aBepInye (popmyBaHHA Kapbimy. BcranoBieno, I11o uyac po3MeJsIOBaHHS, IMOTPiOHUIA
[IJIsI TIOBHOTO TIePEeTBOPEHHS BUXiMHUX KOMIIOHEHTIB y KapbiZl, KOpeJioe 3 eHTaIbIIi€I0
HOTO YTBOPEHHSA, a IMOJIA MEeXaHiYHNX HANPYKeHb PEJaKCYIOTh 3a JBOMa OCHOBHUMU
HaIpAMaMU: HarpiBaHHA Ta MoApPiOHeHHA. BusaBieHo, 1110 JOCHiAKeHI B mJaHiit poboTi
Kapbiny d-mepexifHUX MeTauiB mix yac MexaHOXiMiuHOro cuHTE3y (POPMYIOTHCA B OC-
HOBHOMY 3a PaxyHOK camMoniarpumyBaHoil peakiii. IlokasaHo edeKTUBHICTb BUKO-
pUCTAHHSA BYIJIEIeBUX HAHOTPYOOK IIPM CTBOPEHHI HAHOKOMIIO3UIIIMHMX MaTepiasiB 3
moinieHuMy PYyHKIIOHAJIPHUMU XapaKTePUCTUKaMu. BcTaHOBIEHO, IO MeXaHOXi-
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MiuHUI MeTOA € eeKTUBHUM [JiA CUHTE3y 6araTOKOMIIOHEHTHUX KapOiAiB (TBepaux
PO3UMHIB 3aMiIl[eHHs), OfepKATH AKi iHIIUMHU criocobaMy MaiiKe HEeMOYKJIUBO.

Karouosi cioBa: mexaHoximMiuHUME CUHTE3, ByrJeleBa HaAHOTPYOKa, Kapbix, TBepaumit
PO3UYMH, PEHTTeHiBChKa JUMPAKIIifA, eJIeKTPOHHA MiKPOCKOIIid.
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BJIMAHUE YIVIEPOIHBIX HAHOTPYBOK
HA MEXAHOXVUMUWYECKNY CUHTE3 HAHOIIOPOIIIKOB
KAPBUIOB d-METAJIJIOB 1 HAHOKOMIIO3UTOB HA 11X OCHOBE

MexaHOXMMUUYECKHUM METOLOM B BBICOKOSHEPIeTUUEeCKOH IIJIaHeTapHOU IIapoBOil MeJlb-
HUIle W3 IIUXTHI, COAEpPKAaIlell yriepoaHble HAHOTPYOKM, CUHTE3MPOBAHLI HAHOPA3-
MepHBIE MOHO- (IOPOINKM) U JBOIHBIE (KOMIAKTHPOBAHHBIE HAHOKOMIIO3UTHI) Kap-
Ouabl d-TIePeXOoNHBIX MeTaJIJIOB. PacCMOTpeHO BIWSHNE MHOT'OCJOMHBIX YIJIEPOTHBIX
HAHOTPYOOK Ha MeXaHOXMMHUUECKUIN CUHTE3 MOJYUYeHHBIX MaTepUaIoB. BbIACHEHBI 0CO-
OEHHOCTH MexaHm3Ma (POPMUPOBAHUS KapOMIOB IEPEXOAHBIX METAJJIOB B IIPOIlecCe
MeXaHOXMMUYECKOTO CHHTe3a. B YacTHOCTU, TOKa3aHO, UTO Ha IEPBOM 9Talle CUHTE3a
(mo 60 MmuH 00pPabOTKY IINXTHI) UMEET MECTO aMop(U3aIua yriIepoqHbIX HAHOTPYOOK
U uU3MeJbUeHMEe YaCTHIl MCXOJHOTO MeTajljia IO TPaHHIaM 3€épeH. B manbHelem
aMop(U3UPOBAHHBIN YIJIEPO MOIafaeT BHYTPh PEIIETKN MeTajjia, 00pasyss TBEPIbIH
PacTBOD BHEAPEHUs, B Pe3yJbTaTe Uero MeTaJLIndYecKas MOAPEIIETKAa CTAHOBUTCA Je-
dexTHoit. Ha Bropom sTarme cuntesa (ot 60 1o 250 Mmun pasmoJia) mpoiiecc BHeIPEHU
aTOMOB yIJIEPOJia B METAJJINUECKYIO MAaTPUILy YCKOPAeTCcAa M HaunmHaeTcsa (hOpMUPOBA-
HUe KapOuIHbIX (pas Ha IMOBEPXHOCTHU YACTUIL MCXOJHOTO MeTasia. Tperuit saram CuH-
Tesa 3aBepIinaer GOpMUPOBaHUe KapOuma. Y CTaHOBJIEHO, UTO BpeMs pa3MoJja, HeoOXo-
IUMOe€ [IJI TTOJTHOTO TPeo0pasoBaHMs NCXOAHBIX KOMIIOHEHTOB B KapOua, KOppeaupyer
C 9HTaJIbIINEHN ero oOpa3oBaHUA, a IMOJA MEeXaHWUYECKUX HATPAKEHUN PeaKCUPYIOT
10 ABYM OCHOBHBIM KaHajaM: HarpeB u maMmesbueHue. OGHADPYIKEHO, UTO UCCIEJOBaH-
Hble B JAaHHOI paboTe KapOuAbl d-IepPeXOAHBIX METAJIJIOB IIPU MeXaHOXUMUUYECKOM
cuHTe3e (POPMUPYIOTCSI B OCHOBHOM 3a CUET caMOTOAAep:KuBarolieiicsa peaxkmuu. Ilo-
KasaHa 9 (GEeKTUBHOCTh MCIIOJH30BAHUA YTJIEPOAHBIX HAHOTPYOOK MPU CO3JAaHUM Ha-
HOKOMIIOBUITMOHHBIX MATEPHUAJIOB C YJIYUIIEHHBIMU (PYHKIIMOHAJIbHBIMU XapaKTepHu-
CTUKAMU. Y CTAHOBJIEHO, YTO MEXaHOXUMUUYECKUN MeTo sABjseTcd d(hGeKTUBHBIM IJI
CUHTEe3a MHOTOKOMIIOHEHTHBIX KapOuA0B (TBEPABIX PACTBOPOB 3aMEIIeHNUA), TTOJTYIUTh
KOTOpPBIE APYTUMH CIIOCOO6aMU MPaKTUYECKU HEBO3MOIKHO.
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