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Mechanical alloying of the elemental powder mixture of nickel-multiwalled
carbon nanotubes (Ni—CNT) and nickel-spectroscopic grade graphite (Ni—
SGG) is performed in a high energy planetary ball mill under the same tech-
nological modes. Nanocrystalline NiC, carbide (x = 0.3—-0.4) synthesized is
examined by X-ray diffraction methods (phase and structural analysis, de-
termination of the real structure parameters, etc.). The carbides synthesized
are ferromagnets, the coercive force of which (H,=6-12 kA/m) depends on
the amount of interstitial carbon atoms in octahedral voids of Ni crystal lat-
tice. It is shown that an allotropic form of carbon (SGG or CNT) used at me-
chanical alloying effects the charge components interaction as well as the
crystal structure and properties of final synthesis products.

Key words: mechanical alloying, crystal structure, X-ray diffraction, carbon
nanotubes, coercive force.

s gociiiKeHHS BOJIMBY PidHOI aJIoTPOITHOI (hOpMU BYTIJIEIeBOl KOMIIOHEHTH
Ha KiHeTUKY opMyBaHHA (a3 IiJ uac MexXaHiYHOTO JIer'yBaHHA IIPOBEIEHO Ce-
pif0 eKcHmepuMeHTIiB 3 PO3MEJNIOBAHHA IIOPOIIIKOBUX CyMillell HiKeJab—
6aratocrinHi ByrJeneBi HanoTpyoku (Ni—-BHT) Ta Hikenb—cHeKTpalbHO UKC-
tu#t rpadit (Ni-SGG) y BuCOKoeHepreTUYHOMY ILJIaHeTapHoOMy MJnHi. CuHTe-
30BaHUil y peaysabTari Taxkoi o00pobKm HaHOKpucrandiunmit kKapoOixm NiC,

Corresponding author: Olesya Ivanivna Nakonechna
E-mail: olesya.nakonechna@knu.ua; lesnak4@gmail.com

Citation: O. Nakonechna, K. Ivanenko, A. Kuryliuk, and N. Belyavina, Comparative
Study of Cubic NiC, (x ~0.33) Formation Kinetics under Mechanical Alloying of Ni—-CNT
and Ni—Graphite Charge, Metallofiz. Noveishie Tekhnol., 44, No. 3: 327-342 (2022).
DOI: 10.15407/mfint.44.03.0327

327


mailto:olesya.nakonechna@knu.ua
mailto:lesnak4@gmail.com
https://doi.org/10.15407/mfint.44.03.0327
https://doi.org/10.15407/mfint.44.03.0327

328 0O.NAKONECHNA, K.IVANENKO, A. KURYLIUK, and N. BELYAVINA

(x=0,3-0,4) mocaim:kyBaim MeTOAaMU PeHTIeHiBCchbKOI mudpaxiiii (dpasoBuit
Ta CTPYKTYPHUI aHaJi3, BUSHAUEHHS PeaJbHUX IIapaMeTPiB CTPYKTYpPH TO-
m10). CuHTe30BaHi Kapbigy BUABUIMCS (hepoMarHeTuKaMu, KOEPIUTUBHA CH-
sna agkux (H,=6-12 kA /M) 3ayIe’XUTH BiJ KigbKOCTi MikBy30BUX aTroMiB Kap-
0OHY B OKTaeApPUUYHUX IMOopaxX Kpucraaiunoi rpatHuti Ni. ITokasaHno, 110 ajoT-
pomrraa opma Kapbony (SGG a6o BHT), AKy 3acTOCOBYIOTH ITil Uac MeXaHiuHO-
r'o JIeT'yBaHHSA, BIJINBA€E HA B3AEMO/i10 KOMIIOHEHTIB ITUXTH, & TAKOYK Ha KPUC-
TAJIYHY CTPYKTYPY Ta BJACTUBOCTi KiHIIEBUX IPOAYKTIB CUHTE3Y.

Karouori ciaosa: MexaHiuHe JleI'yBaHHS, KPUCTAIIYHA CTPYKTYPa, PEHTI'€HiB-
cbKa gud)pakiiig, ByrieleBa HAaHOTPYOKa, KOEPIIUTHUBHA CUJIA.

(Received March 13,2021; in final version, December 10, 2021 )

1.INTRODUCTION

Magnetic nanoparticle (NP) based materials have broad application
prospects in the fields of magnetism, biomedicine, energy and biosen-
sor technology. Such NPs ability as penetration deep into tissue and
cells of living body has increased their potential for molecular diagnos-
tics (as magnetically active marker medication) and for the targeted
drug delivery [1—-3]. Ni NPs could have taken a special place among na-
nomaterials in medicine. However, research have shown that Ni NPs
cause a variety of toxic effects on cells, animals and humans and have
toxic effects of multiple systems such as respiratory, cardiovascular
and reproductive systems. Ni NPs can lead to oxidative stress, apopto-
sis, DNA damage and inflammation, and induce the increase of intra-
cellular reactive oxygen [4]. Over the last decades, great effort has
done into using of magnetic NPs in biosensor technologies for applica-
tions in different fields such as disease diagnosis and detection of pol-
lutants in water and food. As a result of such studies a nickel nanopar-
ticles-loaded three-dimensional porous magnetic graphene-like nano-
composite (NiNPs/3D-PMG) is created [5]. Furthermore, a sensor on
its base has been successfully utilized to detect glucose in human se-
rum with satisfactory results [5]. Besides, Ni NPs sensor can find its
applications as a potential electrode material for the qualitative and
quantitative analysis of Penicillin G in liquid samples [6], while capsu-
lated Ni—C microspheres showed a great capability to use as an adsor-
bent of organic pollutants in different samples [7]. Considering the ap-
plication prospects of encapsulated Ni—C NPs, it would be beneficial to
develop magnetic nanomaterial, in which carbon atoms are placed di-
rectly into the nickel crystal lattice, forming the nickel carbide.

It is known that mechanical alloying of powders in a high-energy
planetary ball mill is an effective method to obtain nanoscaled car-
bides. Previously we have successfully applied this method to synthe-
size such carbides as TiC, ZrC, HfC, VC, NbC, TaC, Mo,C, W,C, WC,
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Fe;C and Co;C using the multiwalled carbon nanotubes (CNT) as the
carbon component of a charge [8, 9]. V. K. Portnoi et al. [10] have ob-
tained hexagonal Ni;C carbide by mechanical alloying of the Ni-—
graphite charge (3:1). However, we synthesized Ni;C carbide with a
defective cubic lattice of ZnS sphalerite type as a result of Ni-CNT
charge (3:1) processing [11]. This discrepancy prompted us to study
the kinetics of simultaneous mechanical alloying of Ni-CNT and Ni-
graphite charges.

Here we present the results of structural research and magnetic
characteristics of nanomaterials synthesized.

2. EXPERIMENTAL DETAILS
2.1. Materials

Elemental Ni powder (99.9% wt. purity, particle size <80 um), spec-
troscopic grade graphite powder (spectral purity 99.99%, particle size
is less than 50 um) and multiwalled CNT are used to prepare four start-
ing charges of Ni—CNT and Ni—SGG systems. Multiwalled carbon
nanotubes used in this study are synthesized by the catalytic chemical
vapor deposition method (CVD) at TM Spetzmash Ltd. (Kyiv, Ukraine).
Charge content is listed in Table 1.

2.2. Mechanical Alloying

Charges are sieved into four steel vials (70 mm height, 50 mm diame-
ter) for simultaneous cyclic mechanical alloying in a high energy plan-
etary ball mill (15 min of milling and 30 min of cooling) in argon at-
mosphere. Hardened steel balls (11 units of 15 mm diameter) and a
ball-to-powder weight ratio of 40:1 are used. The vial temperature is
held at below 375 K during the experiments by air cooling. The rota-
tion speed is equal to 1480 rpm.

TABLE 1. Charge content for mechanical alloying.

at.% 0/0 wt.
Charge ; ; ; .
Ni CNT Graphite Ni CNT Graphite
1 75 25 - 93.62 6.38 -
2 60 40 - 88.00 22.0 -
3 75 - 25 93.62 - 6.38
4 60 - 40 88.00 - 22.0
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2.3. Characterization

Phase transformations of Ni—-CNT and Ni—SGG charges at mechanical
alloying have been studied by X-ray diffraction (XRD) methods on the
test samples selected after every 30—60 min of milling. XRD data is
collected with DRON-3M and Shimadzu XRD-6000 automatic diffrac-
tometers (CuK, radiation) in a discrete mode. To implement the possi-
bility of express research of test samples immediately after their selec-
tion from the reaction zone of a mill, the acquisition parameters of dif-
fraction data are optimized to ensure the correctness of results ob-
tained at sufficiently short exposure time: observation range 26 = (20—
100)°, step scan of 0.05° and counting time per step at 3 s. The original
software package, including full complex of standard Rietveld proce-
dures, has been used for analysis and interpretation of the X-ray dif-
fraction patterns obtained, namely, determination of peak positions
and integral intensities of the Bragg reflections by means of full pro-
file analysis; carrying out qualitative and quantitative phase analysis
using PDF data for phase identification and the least square method
for lattice parameters refinement; testing of the structure models and
refining crystal structure parameters (including coordinates of atoms,
atomic position filling, texture, etc.); calculation of the parameters of
the real structure of the individual phases (coherent block sizes and
microdeformation values) [12]. Parameters of crystal structure are re-
fined for each phase presented in the selected test samples. The criteria
for structural calculations correctness are the values of Rz and Ry, reli-
ability factors, not exceeding 0.015 in this study, as well as graphical
form of the difference curve, illustrating the coincidence of the exper-
imental diffraction pattern with the diffraction pattern reproduced on
the basis of structural calculations performed. Deformation of the
crystal lattice is calculated by the approximation method using as a
reference a sample of compacted nickel metal (E = 202 GPa, v = 0.28).
Residual stresses are calculated by the shifting of the diffraction re-
flections (predominantly, (022)), which substantially shifted from
their positions calculated for the specific test sample.

Morphology of the final mechanically alloyed samples is studied by
the scanning electron microscopy technique (SEM, JEOL JAMP-
9500F, Japan). JEOL JAMP-9500F is a field emission auger micro-
probe operated at 10 kV, which offers the flexibility of optional analy-
sis functions such as energy-dispersive X-ray spectroscopy (EDS).

Vibration magnetometer (the vibration frequency of 70 Hz) is used
to examine the magnetic properties of test samples. Measurements are
provided in a constant magnetic field of up to 200 kA/m. The experi-
mental error is less than 5% .

The Vickers microhardness tests are performed with PMT-3 appa-
ratus at room temperature. All samples are preliminary polished by
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diamond paste. The load of 150 g is applied to the sample for 15 s.
Number of indentations per one sample is 50.

3. RESULTS AND DISCUSSION
3.1. Kinetics of Mechanical Alloying of Ni—CNT and Ni—SGG Charges

X-ray phase analysis indicates two phases coexist in a charge after 60
min of mechanical alloying of all samples, namely, initial nickel phase
with lattice parameter a = 0.3522(3) nm and additional isostructural
cubic phase (probably NiC,) with higher lattice parameter (Fig. 1, a).
This additional phase becomes the only constituent of the test samples
(Fig. 1, b) with further processing (120 min and longer). Besides, its
lattice parameter gradually increases with processing time, which can
undoubtedly indicate the invasion of carbon atoms in the crystal struc-
ture of nickel (Fig. 2).

Study of the elemental composition of 800 min milled products by
EDS method has revealed that the iron content (the main component of
debris at milling) does not exceed 1-2% wt. Therefore, it doesn’t make
any contribution in the lattice parameter value of material synthesized
(Fig. 2, a).

In order to determine the amount of carbon atoms embedded in the
NiC, phase, we considered several variants of their localization in the
crystal lattice of nickel. First of all, the possibility of placing carbon
atoms in the octahedral and/or tetrahedral voids of the f.c.c. nickel
lattice is estimated to build a test model. As a result of structural cal-

-— NiC, NiC,——

] NiC, 750 min
A “ -

2 120 min 3
=} | =
:: —WM-‘*’J Wﬂn~w.-\w-—v-w-”‘"‘f~ \’WW :f
§ § _J NiC, 350 min
" . ] "'\,_,,Jk - vt sy
Z >
7] R 7]
<] 60 min = 'i
8 \H Ni Ni—- 2 NiC, 120 min
A= \ S k A ‘
PRrV HMMmebﬁ'M‘ﬁ\ W ' -t

42 44 46 48 50 52 54 40 50 60 70 80 90
20, degree 20, degree
a b

Fig. 1. Fragments of diffraction patterns (a) and difference curve illustrating
the coincidence of experimental diffraction pattern with that reproduced on
the basis of structural calculations performed (b) of the test samples selected
after certain time of Ni-CNT (3:2) charge milling.
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culations, it is shown that the carbon atoms are statistically located in
the centres of tetrahedral voids of the nickel lattice at the initial stage
of mechanical alloying of both Ni-CNT and Ni—SGG charges. Previ-
ously we showed similar arrangement of the carbon atoms in milled
Ni—CNT (8:1) charge [11], which is typical to a placement of the sulfur
atoms in ZnS sfalerite-type structure. i.e., at the beginning of mechan-
ical alloying (up to 350 min of milling) the crystal structure of the NiC,
phase is characterized by following arrangement of atoms: F-43m
space group, 4Ni atoms in 4(a) 0 0 0 and ¢C atoms in 4(c) 1/4 1/4 1/4,
where ¢ is the calculated value of the position filling parameter. An
amount of interstitial carbon atoms in nickel crystal lattice has calcu-
lated using g value obtained for each test sample (Fig. 2). The correct-
ness of the structural calculations performed is evidenced by the dif-
ference curves (Fig. 1) as well as the reliability factor (Table 2). It
should also be noted that such arrangement of carbon atoms is inherent
to crystal structures of all NiC, phases formed up to 300 min of pro-
cessing (Fig. 2). For all NiC, phases synthesized the limit value of the
carbon atoms placed just in the centres of tetrahedral voids is about 20
at.% , which corresponds to one carbon atom per defective lattice of the
ZnS sphalerite type (Fig. 2, a).

Figure 2 also shows typical knees at 350 min for all samples studied
regardless of what type of carbon component is used in the charge
(CNT or SGG). Moreover, all four test samples selected after 350 min
of milling are characterized by similar lattice parameters a ~ 0.355 nm
and carbon content of 23 at.% C (x ~ 0.3) (Table 2). Crystal data of the
NiC, phases in these samples, intended for further studies of their
magnetic properties, are listed in Table 3.

Lattice parameters of 350 min milled NiC, phases formed in samples
with (3:2) charge ratio continue to increase significantly, while those

g 1 \
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5 : ®~  Graphite = A
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Ak _ AT G—0 = Jeo) - e——e—%
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< : &) * :
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Fig. 2. Dependences of the carbon content and lattice parameters of NiC,
phase formed on the milling time. White symbols correspond to Ni—-CNT
charge, black symbols—to Ni—SGG charge; circles indicate (3:1) charge con-
tent, triangles—(3:2) content.
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TABLE 2. Crystal structure data and real structure parameters for NiC, car-
bide obtained after 350 min of milling.

. Total | Amountof Microde- .
Initial ;’I“?I;cll:teer amount of ca?bon 11{ ]?;lioZ(;k formation of f:f:ég;ezl
charge p carbon C, voids, % lattice
a,nm o D, nm| o L,GPa
at.% Tetra‘ Octa Ad/d, %
Nipowder 0.3521(1) - - - 24 0.18 0.005
(3:1) charge
Ni—-SGG 0.3552(1) 21(2) 97 3 11 0.26 0.182
Ni—CNT 0.3548(1) 23(2) 98 2 11 0.24 0.632
(3:2) charge
Ni—-SGG 0.3552(1) 22(2) 90 10 10 0.45 0.006
Ni—CNT 0.3548(1) 25(2) 92 8 12 0.39 0.517

“The fraction of carbon atoms in tetra- and octahedral voids is calculated us-
ing an alternative model.

values in the samples with (3:1) ratio are rapidly saturated.

TABLE 3. Crystal data for NiC, carbides formed in 350 min milled Ni—CNT
and Ni-SGG charges (Space group F-43m (No. 216)).

Site occupation

Atom | Site | X Y zZ NiC, phase NiC, phase
(Ni—-SGG (3:1) charge)|(Ni-SGG (3:2) charge)
Ni 4a 0 0 0 1.00(1) 1.00(1)
C(1) 4c 0.25 0.25 0.25 0.256(3) (tetravoid) 0.254(4) (tetra void)
C2 4 0.5 0.5 0.5 0.008(3)(octavoid) 0.028(4) (octa void)
Lattice parameter a, nm 0.3552(1) 0.3552(1)
Total isotropic B factor, nm? 2.15(2)-1072 1.25(2)-1072
Calculated content, at.% 79(2)Ni+21(2)C 78(2) Ni+22(2)C
Reliability factor Ry 0.009 0.008
Site occupation
Atom| Site | X Y Z NiC, phase NiC, phase
(Ni—CNT (3:1) charge)(Ni—CNT (3:2) charge)
Ni 4a 0 0 0 1.00(1) 1.00(1)
C(1) 4c 0.25 0.25 0.25 0.296(3) (tetravoid) 0.307(4) (tetra void)
C(2) 4b 0.5 0.5 0.5 0.006(3)(octavoid) 0.027(4) (octa void
Lattice parameter a, nm 0.3548(1) 0.3548(1)
Total isotropic B factor, nm? 1.68(3)-1072 3.09(9)-1072
Calculated content, at.% T7T(2)Ni+23(2)C 75(2) Ni+25(2)C
Reliability factor Ry 0.008 0.004
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Structural calculations show that the trial models (with cubic or
rhombohedral symmetry), in which the carbon atoms are displaced
from the centre of tetrahedral voids (coordinates are equivalent to 1/4
1/4 1/4) to the centre of f.c.c. lattice (1/2 1/2 1/2) demonstrate the
best agreement between experimental and calculated diffraction re-
flections intensities for these phases (reliability factor is less than
0.01). Here we consider a cubic model built in the same space group F-
43m: 4Ni atoms in 4(a) 0 0 0 and qC atoms in 16(e) x x x, where the co-
ordinate parameter x (=1/3) and ¢ values are calculated for each 350
min milled NiC, phase (Fig. 2). It is seen that the contents of NiC,
phases synthesized at mechanical alloying of four charges generally
correspond to the compositions of source mixtures. Although the lat-
tice parameters of NiC, phases obtained from Ni—SGG charges are
slightly higher than those obtained from Ni—CNT ones (Fig. 2). The
pattern of atoms arrangement in NiC, phases formed after 350 min of
milling is presented at Fig. 3, b. One can see that the carbon atoms sta-
tistically occupy the vertices of tetrahedrons, which centres are the
centres of tetrahedral voids.

An alternative to two models described above may be their common
model build within the space group F-43m, in which carbon atoms are
statistically placed at the centres of both tetrahedral and octahedral
voids, namely, 4Ni atoms in 4(a) 0 0 0, ¢C atoms in 4(c)1/41/41/4 and
q'C atoms in 4(b) 1/2 1/2 1/2, where g and ¢' are the fillings of corre-
sponding 4(c) and 4(b) positions by carbon atoms. It should be noted
that ¢’ is equal to O for NiC, phase formed at the beginning of mechani-
cal alloying. In general, the agreement between experimental and calcu-
lated intensity of reflections is better for the model presented in Fig. 3, b
than for this alternative model.

Fig. 3. Arrangement of atoms in mechanically alloyed NiC, carbides: NiC,
phase containing up to 20 at.% C (a); NiC, phase containing more than 20
at.% C (b). Nickel atoms are marked as big grey circles and carbon atoms are
marked as small light grey circles.
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Parameters of real structure (coherent scattering block size D, mi-
crodeformation of crystal lattice ¢ = Ad/d) and the residual stresses
value L = E/v((d — d,)/d,) are calculated for each NiC, phases obtained
taking into account that all reflections at the diffraction patterns are
significantly broadened and some of them (mostly (022) reflection) are
also significantly shifted. In order to estimate available shift of the
position, this reflection is excluded from the refinement of lattice pa-
rameter a by the least square method. Subsequently, the value of d, is
calculated using the lattice parameter for the reflection (022), and the
value of this reflection is taken experimentally as the value of d. The
fact that (022) reflection turned out to be the most sensitive to defor-
mation is, in our opinion, natural because the carbon atom is located in
this plane in the centres of tetrahedral voids when embedded in Ni
crystal lattice according to structural studies.

As a result of the calculations performed, it is shown that D value
for NiC, phases is practically independent on the milling time and
charge content and is equal to 8-12 nm for all synthesis products.
However, ¢ and L values for these phases are changed (Fig. 4).

Thus, the study provided has shown that 350 min milled test sam-
ples are characterized by close values of the lattice parameters of NiC,
phase formed and close amount of carbon atoms solved (Fig. 2). Moreo-
ver, the carbon atoms in these carbides are localized mainly in the cen-
tres of the tetrahedral voids (Fig. 3, a). SEM analysis of the test sam-
ples selected after 350 min of milling demonstrates a similarity in
their morphology. Namely, all powders studied consist of individual
small particles and agglomerates of such particles (Fig. 5). EDS analy-
sis confirms XRD data on the amount of carbon atoms solved in nickel
lattice (about 23 at.%), which is close to the composition of the Ni;C
carbide.

Thus, taking into account the similarity of crystallographic charac-

0.6 : = 0.8
= . : % :
=] : ;
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Fig. 4. Microdeformation and residual stresses of the crystal lattice for NiC,
phases in dependence on milling time. Symbols correspond to Fig. 2.
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Fig. 5. SEM images of the 350 min milled samples: Ni—-CNT charge (3:1) (a);
Ni—SGG charge (3:1) (b). x10000.

teristics and compositions of NiC, phases synthesized (Table 2, 3), the
magnetic properties are studied for the test samples selected just after
350 min of processing in a ball mill.

3.2. Magnetic Characteristics of 350 min Milled NiC, Phases Formed
in Ni—CNT and Ni—SGG Charges

Test samples selected after 350 min of mechanical alloying of charges
are examined using a vibration magnetometer. All the materials stud-
ied are ferromagnets, the hysteresis loops of which are shown in Fig. 6,
magnetic parameters calculated from these loops are listed in Table 4.

As it can be seen from Figure 6, the charge content used affects not
only the shape of the hysteresis loops, but also the magnetic character-
istics of the NiC, carbide with x ~ 0.33 (21-25 at.% C) existing in each
of four test samples. Thus, the coercive force H, of cubic NiC, 5 car-
bide (close to stoichiometric Ni;C composition) varies within 4-12
kA/m with residual magnetization M, (7-9 A-m®/kg) and almost con-
stant value of saturation field H¢ (76.5 kA /m) (Table 4).

Analyzing the characteristics obtained, we can conclude that NiC, s,
carbide synthesized keeps the ferromagnetic features of nanocrystal-
line nickel powder (Table 4), and H, value is close to that predicted by
L. Yue et al. [13] for disordered Ni;C carbide. It should be noted that
nanocrystalline nickel powder is obtained by milling initial Ni powder
in a high-energy planetary ball mill under the same conditions as Ni—
CNT and Ni—SGG charges.

It is known that the coercive force depends strongly on the grain size
of the material [14]. Wherein, since grain boundaries act as impedi-
ments to domain wall motion, coercive force increases with decreasing
grain size. Taking into account that the effective width of the domain
wall for nanocrystalline nickel is about 40 nm [14] while the crystallite
size of powders synthesized in this work are much smaller (10—-12 nm,
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Fig. 6. Hysteresis loops of the 350 min milled test samples: Ni-SGG charge
(black circles) and Ni-CNT charge (white circles), charge composition (3:1) (a)
and (3:2) (b).

Table 2), we assume that other factors affect H, value of NiC, 55 carbide
synthesized.
Analysis of the crystal and real structure parameters of NiC, 55 car-

TABLE 4. Magnetic characteristics of NiC, carbide obtained after 350 min of
mechanical alloying.

Coercive |Residual mag-| Saturation | Saturation
Initial charge force H,, |netization M,|magnetization| field Hg,
kA/m Am?/kg Mg, Am?/kg kA/m
Ni;C disordered [13] 5.7 - - -
Ni—nanopowder [14] 1.2 - - -
Ni—-nanocrystalline 2.2 3.0 40.6 76.5
(3:1) charge composition
Ni-SGG 3.8 7.8 41.9 76.3
Ni—CNT 5.7 6.6 23.1 76.9
(3:2) charge composition
Ni-SGG 12.1 8.6 24.1 76.5
Ni—CNT 11.7 8.5 22.4 76.9
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NiC, 35 carbide in dependence on filling of octahedral voids of Ni crystal lattice.

bide synthesized and its magnetic characteristics (Tables 2, 3) allows
us to conclude that increase in the amount of carbon atoms embedded
in octahedral voids of nickel structure causes an increase in the micro-
deformation degree of carbide lattice, which, in turn, contributes to an
increase in H, value (Fig. 7). It should be noted that the amount of car-
bon atoms located in the octahedral voids of the cubic NiC, ;; structure
is calculated using the alternative model described above (Table 2).

In general, the values of coercive force and the shape of hysteresis
loop (Fig. 6, Table 2) certify that nanocrystalline NiC, ;5 (cubic Ni;C
carbide) synthesized here belongs to semi-hard magnetic materials
(H,>4kA/m).

4. DISCUSSION

Comprehensive study of Ni—-SGG and Ni—CNT powders mechanically
alloyed in a high-energy planetary ball mill at identical technological
conditions has revealed both similarities and differences in the for-
mation of NiC, carbide with ZnS sphalerite defective structure.

It is known that both CNT and SGG source powders are gradually
amorphized (up to 60 min of milling) at the initial stage of the mechan-
ical alloying [15, 16]. Active interaction of carbon and nickel powder
begins after amorphization process is completed. Therefore, the initial
nickel powder is the main counterpart for all samples processed up to
100 min (with some amount of graphite in the Ni-SGG charge).

An increase of the Ni lattice parameters is observed in test samples
milled for 100 min or longer (Fig. 2). It is noteworthy that at the initial
stage of processing the lattice parameter of NiC, phase synthesized
from Ni—SGG charge is slightly higher than that synthesized from Ni—
CNT charge, although the content of carbon embedded in NiC, is lower
in the case of Ni-SGG charge (Fig. 2). Similarity in a values and com-
positions is observed only for the NiC, formed in 350 min milled test
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samples. Saturation process of the NiC, crystal lattice with carbon at-
oms continues with further milling for charge (3:2), in contrast to
charge (3:1).

Considering our previous TEM studies of the Fe;C carbide formation
at mechanical alloying of Fe—CNT charge [8], one can assume that sim-
ilar processes are realized at the formation of NiC, carbide. Amor-
phized carbon powder wraps nickel particles and penetrates into them
along grain boundaries and dislocations. This process dominates when
the charge is mechanically alloyed for up to 100 min. Further pro-
cessing leads to a gradual nucleation of NiC, carbide phase, formation
of which begins on the surface of nickel particles. Moreover, a shell
formed on such nickel particles leads to appearance of surface tension
(residual stresses, Fig. 4). Upon reaching a certain thickness, this
shell, formed by the products of the synthesis of the NiC, phase exfoli-
ates, which is clearly illustrated by Fig. 4, where the obtained values of
residual stresses are minimal at 315—350 min of processing, ie, upon
completion of the formation of defective ZnS sphalerite structure.

N. Kundan et al. [17] have described similar process of carbon atoms
solution in nickel crystal lattice at mechanical alloying of the Ni—
graphite charge. Unfortunately, authors of Ref. [17] have not defined
the exact location of carbon atoms in nickel lattice, taking as a basis
the common idea of its localization in octahedral voids by analogy with
the NaCl-type structure. However, our previous studies on mechanical
alloying of Ni—CNT charge [9] have shown that such localization of
carbon atoms is characteristic of a nickel-based solid solution with low
CNT content (up to 5 at.%).

Structural calculations performed here have revealed that the NiC,
phase with a defective ZnS sphalerite structure is formed at the first
stage of mechanical alloying of both Ni—-SGG and Ni—CNT charges.
Presumably, this phase appears to be an individual compound (as evi-
denced by the two-phased nature of some test samples selected at up to
100 min of processing). Moreover, the existence region of this phase
can extend beyond 40 at.% of carbon, which is shown by N. Kundan et
al. [17].

Considering the fact that the crystal lattice of nickel is faster satu-
rated with carbon atoms and the lattice period of NiC, formed is lower
in a case of Ni-CNT charge milling one can conclude that both the ef-
fective radius of amorphized CNTs and their diffusion rate are some-
what higher than those for amorphized graphite. Moreover, the for-
mation of NiC, from the Ni—-CNT charge proceeds more smoothly as
evidenced by independence of the carbide real structure parameters on
the milling time. No knees on a(t) dependence (Fig. 2, a) and on the de-
pendence of lattice parameter on the carbon content embedded into the
nickel crystal lattice (Fig. 8) supplementary imply smooth behaviour
of NiC, formation from Ni—CNT charge. Concurrently, well-defined
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Fig. 8. Dependence of the lattice parameters of NiC, formed in the charges of
(3:2) content. Ni-SGG (black triangles) and the Ni—CNT charge (white triangles).

knees are visible on the same dependences for Ni-SGG charge in the
vicinity of 20—22 at.% C. In our opinion these features are caused by a
change of the carbide crystal structure. A similar dependence of the
lattice parameters of the synthesized phase is observed by N. Kundan
etal.[17].

It should be necessary to note that indeed mechanical alloying re-
sults in a (Ni, C) solid solution formation with octahedral occupation of
carbon atoms at a low carbon content (up to 5 at.% C) [9]. However,
considering the calculation of electronic structure parameters the pre-
ferred arrangement of carbon atoms in the tetrahedral voids is shown
for the cubic NiC, phase, which contains more than one carbon atom
per unit cell [18]. This factor can support conclusion that the NiC,
phase studied is individual carbide and not a solid solution based on a
nickel lattice. Although to absolutely confirm the conclusion on the
existence of an individual NiC, carbide, an additional experimental
study of mechanical alloying of Ni—C charge containing up to 25 at.%
carbon is needed.

In order to study the mechanical properties of NiC, carbide the 350
min milled Ni-CNT charge (3:1) is sintered by high pressure—high
temperature (HP—HT) technique. The toroid type high pressure appa-
ratus is used to create the pressure of 8 GPa and temperature of 1200°C
and 1500°C (the test sample powder wrapped into the graphite foil is
treated in a high pressure cell during 40 s).

It appeared to be that NiC, phase with a defective structure of ZnS-
sphalerite with a = 0.3543-0.3548 nm is the only constituent of bulk
samples. The fraction x of carbon atoms in the compacted HP-HT
samples varies from 0.33 to 0.44, which may be caused by the addition
of extra carbon atoms from the graphite shell used in HP—HT reaction.

Average value of the Vickers microhardness for sintered NiC, sam-
ples (6.9-7.2 GPa) is significantly higher compared to microhardness
of bulk metallic Ni (0.638 GPa).
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5. CONCLUSION

A comprehensive study of mechanically alloyed under the same techno-
logical modes Ni-CNT and Ni—SGG charges has revealed the following:
1. A nanocrystalline cubic carbide NiC, (x =0.3-0.7) is synthesized for
the first time at mechanical alloying of both Ni-CNT and Ni—-SGG
charges. According to XRD data the crystal structure of this NiC,
phase belongs to ZnS sphalerite type with partial filling of its tetrahe-
dral voids by carbon atoms.

2. Kinetics of the NiC, carbide formation is studied by XRD methods.
First of all, the features of Ni lattice parameter caused by the increase
of the carbon atoms embedded have revealed and the changes of micro-
deformation as well as residual stresses of NiC, crystal lattice have an-
alyzed.

3. It is shown that NiC, carbides synthesized after 350 min of milling
both Ni—SGG and Ni—CNT charges exhibit similar crystal structure
and composition. The materials obtained are ferromagnets, the coer-
cive force of which depends on the amount of the carbon atoms addi-
tionally embedded in the octahedral voids of the nickel crystal lattice.
4. It is shown that crystal structure of final synthesis product as well
as interaction between the initial charge components are affected by
allotropic form of carbon (graphite or carbon nanotubes) used.
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