Metallophysics and Advanced Technologies © 2020 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2020, vol. 42, No. 12, pp. 1659-1665 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.42.12.1659 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

METALLIC SURFACES AND FILMS
PACS numbers: 61.05.cp, 61.43.Gt, 68.35.Np, 81.05.Je, 81.20.Ev, 81.15.Jj

Testing of Electron Beam Technique for NiC Coating Deposition

0. 1. Nakonechna, M. G. Dusheiko®, N. N. Belyavina,
A. M. Kuryliuk, and A. S. Osipov™

Taras Shevchenko National University of Kyiv, Department of Physics,
60 Volodymyrska Str.,
UA-01033 Kyiv, Ukraine
“National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
37 Peremohy Ave.,
UA-03056 Kyiv, Ukraine
V.M. Bakul Institute for Superhard Materials, N.A.S. of Ukraine,
2 Avtozavodska Str.,
UA-04074 Kyiv, Ukraine

Nanoscaled NiC powder is obtained by mechanical alloying of two equiatomic
charges of Ni—carbon nanotubes and Ni—graphite in a high-energy planetary
ball mill. Crystal structure of this carbide is a modified ZnS sphalerite type.
Powder of NiC carbide is compacted by cold pressing at a pressure of 0.2 GPa,
and the material obtained is used as a target for coating deposition by an elec-
tron beam technique. Thin films are deposited either on substrates from sili-
con wafer or fused glass. The phase composition of as-deposited coatings and
after annealing at 900°C is studied. As shown, an annealing in air up to 900°C
does not lead to cracking or peeling of the coatings from the substrate.

Key words: NiC monocarbide, mechanical alloying, electron beam, thin film,
X-ray diffraction.

Hamopoamipuuii mopoirok moHokap6iny NiC omepskaHo MeTOAOM MeXaHOXe-
MiuHOI 00p00KM ABOX ekBiaTomuux cywmimneit Ni-BHT ta Ni—rpagiry y Buco-
KOeHepreTUUYHOMY ILIaHeTapHOMY KyJhoBoMy MJuHi. IIokasano, 110 KpucTa-
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JiuHa CTPYKTypa IbOro Kapbiny € MoaudpiKOBaHOK CTPYKTYpOIO THUIly ZnS
chamepur. Ogep:xkauuii mopoirok xKapo6igy NiC 0yB CKOMIIaKTOBAHUIT METOJ0OM
xoaoxHOro npecysanusa mig Tuckom 0,2 I'Tla, a ogep:kaHumii 40 IILOT0 MaTEePisaa
0yB BUKOPHCTAHUM AJIA €JIeKTPOHHO-IPOMEHEBOTO HAHECEHHI TOHKUX ITOKPUT-
TiB Ha IiIJI0MKKA 3 IJIACTUH KPEMHiI0 a00 TOILJIEHOrO CKJia. BuBueHo (asoBuit
CKJIaJ OJlep:KaHnX IMOKPUTTIB AK Yy BUXiTHOMY CTaHi, Tak i micasa ix Bigmamy mo
900°C. Ilokaszamo, 110 cTyniHuacTuii Bignas Ha moBiTpi 1o 900°C He Beae 10 PO3-
TpicKyBaHHA a00 BiIIyIIeHHA BUTOTOBJIEHUX MOKPUTTIB BiJI ITiIJI0MK KA.

Karouori caosa: NiC moHoKapbif, MexaHiuHe Jier'yBaHHSI, eJIEKTPOHHO-
IPOMEeHeBa TeXHOJIOTifdA, TOHKA ILIiBKa, PeHTI'eHiBCchbKa AudpaKITisd.

(Received January 22, 2020; in final version, October 29, 2020 )

1.INTRODUCTION

Synthesis of new materials with attractive functional characteristics
as well as a development of nanostructured coatings based on them is
one of the most important tasks of the material science. NiC coatings
are quite interesting to study since NiC thin films obtained by sputter-
ing or laser deposition methods [1-4] have high hardness (up to 14
GPa) and high visible-light transmittance (up to 98%).

Such an attractive combination of mechanical and electrophysical
properties of NiC coatings could be very promising for the creation of
transparent thin film electrodes in solar cells or photoelectric sensors.

Improvement of the target material plays an important role in depo-
sition process since the properties of a coating is generally determined
by the phase composition and the features of phase crystal structure.
That’s why in recent years our research is focused on a development of
novel materials by mechanical alloying of the nickel powder and CNT
(carbon nanotubes) in a high-energy ball mill.

So, as a result of processing of the charge Ni—CNT (3:1) we synthe-
sized new nanoscaled carbide NiC, with a modified ZnS-sphalerite type
structure [5], while the Authors of Ref. [6] as a result of processing of
the charge Ni—Graphite (3:1) have synthesized a powder, the dominant
phase of which is the well-known Nis;C carbide. Here, we present the
results of our research, which include the synthesis and crystal struc-
ture study of the carbides formed in Ni—-CNT (1:1) and Ni—Graphite
(1:1) systems as well as fabrication the coatings from the materials
prepared. Moreover, the technique of coating deposition from these
materials is tested.

2. EXPERIMENTAL DETAILS

Two equiatomic mixtures of initial powders containing 50 at.% of Ni



TESTING OF ELECTRON BEAM TECHNIQUE FOR NiC COATING DEPOSITION 1661

metal (99.9% wt. purity, particle size is less than 80 um) and 50 at.%
of multi-walled CNT (production of LLC ‘TM Spetsmash’, Kyiv, parti-
cle size is about 10—-20 nm) or 50 at.% of graphite (spectral purity
99.99%, particle size is less than 50 um) are sealed into two steel vials
for further cyclic processing in a high energy planetary ball mill (15
min of treatment and 30 min of cooling) in argon atmosphere.

The 11 steel balls (15 mm of diameter) are used for the processing of
the charge; the balls to powder weight ratio is equal to 40:1. Tempera-
ture in the reaction zone did not exceed 100°C rotation speed of the vi-
alsis 1480 rpm.

Study of the phase composition of milling products and refinement
of the crystalline structure of the carbides obtained is carried out by X-
ray diffraction method. XRD spectra are collected by an automated
DRON-3M diffractometer (CuK, radiation, a discrete mode: the scan-
ning interval 26 = (15-100)°, the step scan is 0.05°, counting time per
step at 3 s). Analysis and interpretation of the XRD data obtained is
provided by an original software package, which includes a complete
set of standard Rietveld procedures [7]. The Vickers microhardness
tests have performed with PMT-3 apparatus at room temperature. All
samples are preliminary polished by diamond paste. The load of 150 g
is applied to the sample for 15 s. Number of indentations per one sam-
pleis 50.

3. RESULTS AND DISCUSSION

Results of XRD phase analysis show that the 60 min milled test sam-
ples are two-phased for both charges (Ni—CNT and Ni—Graphite). Each
of them contains additional cubic phase NiC, with a significantly high-
er lattice parameter except the initial nickel powder (a = 0.3522(3)
nm). With further milling (120 min and more) the NiC. phase becomes
the only constituent of the test samples. Moreover, its lattice parame-
ter gradually increases with the processing time increasing (Fig. 1).
Structural calculations, performed for final milling products of Ni—
CNT and Ni—Graphite charges treated 750 min in a ball mill, con-
firmed, in generally, our earlier results on the formation under me-
chanical alloying the NiC, carbide with a defective ZnS sphalerite type
structure [5]. But the best match between experimental and calculated
intensities (improvement of the reliability factor) is obtained for a
model, in which carbon atoms are slightly shifted from 4(c) (1/4 1/4
1/4) position, inherent to cubic ZnS-type structure, towards the centre
of the f.c.c. crystal lattice (1/2 1/2 1/2). So, the result of the crystal
structure modelling and refinement for the NiC, carbide, synthesized
by mechanical alloying of the both Ni—C charges (1:1), are listed in Ta-
ble 1, Fig. 2 illustrates the atomic arrangement in this structure.
Analysis of the results of structural calculations indicates that after
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Fig. 1. Dependences of the lattice parameters of the NiC, carbides forming at
mechanical alloying of the equiatomic Ni-CNT and Ni—Graphite charges in a
ball mill.

750 min of processing in a ball mill of both Ni—-CNT and Ni—Graphite
charges, the obtained milled powder products are NiC carbide with al-
most stoichiometric composition (Table 1).

However, the saturation of the NiC carbide by carbon does not reach
50 at.% for the Ni-CNT charge. But, on the contrary, in the case of the

Fig. 2. Crystal structure of the NiC carbide. Nickel atoms are marked as dark
grey circles, carbon atoms are marked as light grey circles.
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Ni—Graphite charge the saturation of NiC carbide by carbon obtained
by processing is somewhat higher. The final lattice parameters of these
carbides are also different (Table 1).

The final powder products, obtained after 750 min of processing of
both charges in a ball mill, are cold pressed under pressure of 0.2 GPa.
XRD study has not revealed any significant changes in crystallograph-
ic parameters of NiC carbide after compacting. The Vickers hardness
HYV of the samples compacted is somewhat higher than the hardness of
nickel powder compressed under similar condition. Namely, HV is
equal to 0.93 GPa for a sample obtained from Ni—CNT charge; HV is
equal to 0.85 GPa for the sample compressed from Ni—Graphite
charge, and HV reaches 0.64 GPa for the initial nickel powder com-
pressed.

NiC thin films (a film thickness is about 200 nm) are deposited ei-
ther onto silicon substrate or fused glass wafers by electron beam tech-
nique using a compressed sample of NiC as a target material. A target
is heated up to 1500°C, the substrate is held at room temperature.

XRD study revealed that the diffraction patterns of the coatings ob-
tained are either X-ray amorphous ones or contain very weak single
diffraction peak belonging to nickel metal (Fig. 3, b), the lattice pa-
rameter of which cannot be determined correctly. Diffraction haloon a
diffractogram of the coating studied in the region of 26 ~ (19—-27)° in-
dicates the presence of X-ray amorphous component (Fig. 3, b). X-ray

TABLE 1. Crystal data for NiC carbides formed in the equiatomic Ni—-CNT
and Ni—Graphite mixtures after 750 min of milling.

Atom Site | Site occ. ‘ X ‘ Y | Z
NiC carbide formed in the Ni-CNT mixture
Ni 4a 1.00(1) 0 0 0
C 16e 0.23(1) 0.338(1) 0.338(1) 0.338(1)
Space group F43m (No. 216)
Lattice parameter a, nm a=0,3552(1)
Total isotropic B factor, nm? B=2.88(2)-10?
Calculated content, at.% 52.1(3)Ni+47.9(3)C
Reliability factor R;=0.003
NiC carbide formed in the Ni-Graphite mixture
Ni 4a 1.00(1) 0 0 0
C 16e 0.27(5) 0.332(5) 0.332(5) 0.332(5)
Space group F43m (No. 216)
Lattice parameter a, nm a=0,3562(2)
Total isotropic B factor, nm? B=3.09(9)-102
Calculated content at.% 47.7(3)Ni+52.3(3)C

Reliability factor Rz=0.011




1664 0.1. NAKONECHNA, M. G. DUSHEIKO, N. N. BELYAVINA et al.

data also indicate that the remains of the material in an evaporator
consist of NiC, carbide (a ~ 0.355 nm) with some amount of graphite
phase (Fig. 3, a). It should also be noted that the additional reflection
with d ~ 0.2712 nm (29 ~ 33.0°), which is present on some diffraction
patterns (Fig. 3, b), obviously belongs to NiCOs oxycarbide, which is
formed on the surface of the coating. Upon annealing of the coatings
up to 600°C NiCO; oxycarbide decomposes into NiO oxide and CO: gas
(Fig. 3, ¢) (decomposition temperature of NiCOs is known to be about
400°C). Reflections of both oxides and graphite disappear from dif-
fraction patterns after cleaning the surface of the coatings with a soft
cloth.

If we do not take into account the surface phenomena such as for-
mation and decomposition of NiCO; oxycarbide, then stepwise anneal-
ing in air up to 900°C (with expose at each temperature for 1-2 hours)
does not lead to any cracking or peeling of thin coatings from the sub-
strate, which certifies a good adhesion in the substrate-coating zone.

Thus, NiC carbide is synthesized by mechanical alloying for the first
time. The powder material obtained is compacted by cold pressing and
then successfully tested as a target material for its deposition on sili-
con or fused glass wafers substrates.

It should be noted that in addition to the attractive physical proper-
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Fig. 3. Fragments of XRD patterns of the coating deposited from NiC com-
pressed powder: after annealing at 800°C (a); as deposited (b); fragment of
XRD pattern of the residual material (c). Reflections of Ni metal are marked
as ‘x’, graphite reflections are marked as ‘c’, NiCO; and NiO phases are
marked as ‘oc’ and ‘0’, respectively.
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ties of NiC-based single layer coatings [1—-4], it seems to be quite pro-
spective the development of the multilayer coatings such as Ti/NiC
and TiSiC/NiC [8-10]. Taking into account the achievements of the
authors of this article in the field of mechanochemical synthesis of the
binary carbides of transition metals [11], our attempts will to be fur-
ther focused on synthesis of the multicomponent carbides in order to
test them as coatings for various functional purposes.

4. CONCLUSIONS

The nanoscale powder of equiatomic NiC carbide is synthesized by me-
chanical alloying in a high-energy planetary ball mill using two powder
mixtures containing 50 at.% of Ni, as well as 50 at.% of CNT or 50
at.% of graphite. It is shown that the composition of this carbide is
close to stoichiometric, and its crystal structure is a modified ZnS
sphalerite-type structure. The NiC carbide powders are compacted by
cold pressing at a pressure of 0.2 GPa. Materials compacted are used for
their deposition on substrates of a silicon wafer or fused glass by elec-
tron beam technique. The phase composition of the coatings obtained is
studied both in the initial state and after their annealing up to 900°C.

REFERENCES

1. T. Ujvari, A. Téth, G. J. Kovacs, G. Safran, O. Geszti, G. Radndczi, and
1. Bertoti, Surf. Interface Analysis, 36, No. 8: 760 (2004).

2. H. Li, L. Guan, Y. Zhao, Z. Xu, J. Sun, J. Wu, and N. Xu, Mater. Lett., 145:
291 (2015).

3. G. Radnoczi, Gy. J. Kovacs, G. Safran, K. Sedlackovd, O. Geszti, T. Ujvari, and
1. Bertoti, Metallic Materials with High Structural Efficiency (Eds.
0. N. Senkov, D. B. Miracle, and S. A. Firstov) (Dordrecht: Springer: 2004),
p-101.

4. Z.C.Hong and S. T. Shiue, Thin Solid Films, 618: 21 (2016).

5. 0. 1. Nakonechna, N. N. Belyavina, M. M. Dashevskyi, A. M. Kuryliuk, and
V. A. Makara, Dopov. Nac. Akad. Nauk Ukr., No. 4: 50 (2019) (in Ukrainian).

6. V. K. Portnoi, A. V. Leonov, S. N. Mudretsova, and S. A. Fedotov, Phys. Metals
Metallogr., 109, No 2: 153 (2010).

7. M. Dashevskyi, O. Boshko, O. Nakonechna, and N. Belyavina, Metallofiz.
Noveishie Tekhnol., 39, No. 4: 541 (2017).

8. M. Braic, M. Balaceanu, A. C. Parau, M. Dinu, and A. Vladescu, Vacuum, 120:
60 (2015).

9. H. Jiao, C. Yu, Z. Zhang, W. Li, Q. Huang, H. Chen, and Z. Wang, Vacuum,
155:49 (2018).

10. M. Khadem, O. V. Penkov, H. K. Yang, and D. E. Kim, Friction, 5, No. 3: 248
(2017).

11. O.I.Nakonechna, M. M. Dashevskyi, O. I. Boshko, V. V. Zavodyanny, and
N. N. Belyavina, Prog. Phys. Metals, 20, No. 1: 5 (2019).


https://doi.org/10.1002/sia.1758
https://doi.org/10.1016/j.matlet.2015.01.120
https://doi.org/10.1016/j.matlet.2015.01.120
https://doi.org/10.1007/1-4020-2112-7_9
https://doi.org/10.1007/1-4020-2112-7_9
https://doi.org/10.1007/1-4020-2112-7_9
https://doi.org/10.1016/j.tsf.2016.04.032
https://doi.org/10.15407/dopovidi2019.04.050
https://doi.org/10.1134/S0031918X10020079
https://doi.org/10.1134/S0031918X10020079
https://doi.org/10.15407/mfint.39.04.0541
https://doi.org/10.15407/mfint.39.04.0541
https://doi.org/10.1016/j.vacuum.2015.06.019
https://doi.org/10.1016/j.vacuum.2015.06.019
https://doi.org/10.1016/j.vacuum.2018.05.043
https://doi.org/10.1016/j.vacuum.2018.05.043
https://doi.org/10.1007/s40544-017-0181-7
https://doi.org/10.1007/s40544-017-0181-7
https://doi.org/10.15407/ufm.20.01.005

