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Hocnioxceno cmpyxmypy xomMno3umié na 0CHO61
cucmemu NbC 3 MiOHO010 36°A3K010, OMPUMAHUX WIS~
XOM NPOCOUYBAHHS MEMAEEUM PO3NIAGOM NOPUCMUX
NbC kapb6ionux xapkxacie y eaxyymi. 3 memoro ompu-
Manns nopucmozo kapxacy nopouox NbC i3 cepeonimu
po3mipom ~1 mxm 3amimyeanu Ha 5 %-Homy po3uumi
Kayuyxy 6 oensuni. Ilican cywinns cymim nepemupaiu
Ha cumi y epanyau, AKi npecyeanu y Opuxemu po3mipa-
Mu 55%30x10 mm. Jlna 3abe3neuwenns inmencupixauii
npouecy ma 3mMouysanocmi NPocouYy8aHHs NPoeoou-
a0co 3a memnepamypu 1400 °C. Y pesyaomami 6yno
ompumano mamepian iz oOpionozepnucmoro 0eodaso-
8010 CIMPYKMYPO10.

Hocnidncenns mikpocmpyxmypu npoeoounu memo-
dom cranyouoi enexmponnoi mixkpocxonii (SEM),
XiMIUNHO020 CKAAO0Y — MemoOOM enepzoOucnepciiiinozo
ananizy (EDS).

Teepdicmv eumiproeanu 3a Poxeennom (mxana C),
mpiwunocmivixicmo 3a nenpamum memodom Eeanca-
Yapavza.

Cmpyxmypa Kxomnozumy ckiadaemocs i3 OKpyeaux
sepen NbC, axi ymeopiotomo nenepepenuil ckejem ma
npowapxie mionoi 36’as3xu. Cepedniil po3mip 3epen ma
MiNC3epHOBUX npowapkie 36’a3xu cmanoeums 1,8 mxm
ma 1,1 mxm, 6i0nosiono.

Ananiz 3onu 63aemodii mine NbC ma Cu memoodom
EDS 0o3eonue ecmanoeumu npucymuicmo ouysiiinoi
30Hu moswunoto 0,5 MKM, AKA YMEOPIOEMBCA BHACAIOOK
nepepo3nodiny Nb ma Cu wnsxom oomedsncenoi posuun-
nocmi. Hasenicmo ouysiiinoi 3onu 0oszeonsne sabes-
nevumu Miynuil 36130k Mixc pazamu ma, 6i0nosiono,
eucoxuil pisenv mexaniunux earacmusocmeti. Teepdicmo
ma mpiwuHOCMiliKicms ompumanozo mamepiany cma-
nosaamo 40 HRC ma 24 MITaxm'/?,6ionogiono.

Bpaxosytouu pazosuil cxnad ma eracmueocmi pos-
PoOaenoz0 KomMnozumy, 1oz0 pexomMeHOYEMbCA 3acmo-
cosyeamu AK anbmepHaAmMueéHuii 00 KOMRO3umie cuc-
memu WC-Cu y éuensadi mornonimnozo mamepiany a6o
noxpummis. Iloxpummsa nanocuau memooom eex-
MPOiCKP0B020 JNle2y6anns i3 BUKOPUCMAHHIM PYHUHOL
ycmanoexu MIT-3JI12. Toswuna nokpumms cmanogumso
30 mxm, mixpomeepdicmv ~500 Mlla, a xoediuicum
mepms no cmaai 6e3 amauyeanns 0,04.

Pospobaeni mamepiaau pexomenoyomocsa 0as
3acmocyeanns 6 napax mepms y 6uz2as0di MOHOIIMHO-
20 mamepiany a6o nokpummie anmudpuxyiiinozo npu-
3HaueHHs.

Kntouosi cnoea: xepamixo-memaniuni mamepianu,
Mampuuno-apmosana cmpykmypa, mpubomexuiuui
xXapakxmepucmuxu, eJj1eKmpoickpoge Jjiezy68anus, aHmu-
dpuxuiiini nokpumms

=,

1. Introduction

The combination of high hardness and wear resistance
of refractory compounds of transient metals from group
IV-VTI in the periodic system of elements, and copper, in a

|DOI: 10‘15587/1729-4061.2018.150807|

DEVELOPMENT OF
THE COMPOSITE
MATERIAL AND
COATINGS BASED ON
NIOBIUM CARBIDE

P. Prysyazhnyuk

PhD, Associate Professor*

E-mail: pavlo1752010@gmail.com

D. Lutsak

PhD, Associate Professor*

E-mail: d.l.lutsak@gmail.com

L. Shlapak

Doctor of Technical Sciences, Professor®
E-mail: ztk@nung.edu.ua

V. Aulin

Doctor of Technical Sciences, Professor
Department of Machines Maintenance and Repair
Central Ukrainian National Technical University
Universytetskyi ave., 8, Kropyvnytskyi,
Ukraine, 25006

E-mail: aulin52@gmail.com

L. Lutsak

PhD, Production Director

Limited Liability Company Interdisciplinary
Research and Production Center “Epsilon LTD”
Makukhy str., 2, Ivano-Frankivsk, Ukraine, 76014
E-mail: lutsak60@gmail.com

L. Borushchak

PhD, Associate Professor

Department of Computerized Engineering**
E-mail: xrystyk@gmail.com

T. Shihab

Department of Applied Mechanics,

Dies and Tools

Middle Technical University of Iraq,

Technical Engineering College

Zafaraniyah, Main Street, Baghdad, Iraq, 29132
E-mail: thaer_abdalwahab@yahoo.com
*Department of Welding**

**|vano-Frankivsk National

Technical University of Oil and Gas

Karpatska str., 15, Ivano-Frankivsk,

Ukraine, 76019

monolithic material, makes it possible to obtain composites
and coatings with high thermal- and electrical conductivity.
Using such materials is promising in order to apply coatings
with specialized physical-mechanical characteristics, as well
as to improve wear resistance of the tribojunctions’ surfaces




that operate under extreme conditions [1]. The most com-
mon among such materials are the composites of the WC—Cu
system [2]. Extending the range of ceramic materials for the
composites with a copper bonding is significantly hindered
by the low wetting capacity of copper and conventional
copper alloys. To improve wetting capacity, it is a promising
direction to dope copper with highly-active metals Zr, Ti,
etc., or to increase the temperature of impregnation. The
disadvantage of copper doping by highly-active metals is
that even a small amount of impurities (=5 %), required to
lower the contact wetting angle, significantly reduces the
heat- and electrical conductivity of copper. Thus, it is more
rational to perform the process of copper impregnation at
temperatures that are 200—400 °C above the melting point
of copper, as well as to use the thermodynamically stable
super-hard refractory compounds as components.

A promising material to be used in the form of a compo-
nent in the composites with a copper matrix is, in particular,
niobium monocarbide. Its density (7.8 g/cm?) is almost twice
lower than the density of tungsten carbide (15.8 g/cm?) while
the cost is only 30 % higher. Therefore, it is a relevant task in
materials science to develop composites with a copper matrix
based on niobium carbide.

2. Literature review and problem statement

At present, scientists are searching for new ceramic
phases that are compatible with copper, as well as for the new
production techniques. Among them, boron carbide has been
investigated [3], in the amount of up to 3 % by weight, when
obtaining the composites using the method of solid-phase
sintering of the pre-formed billets; higher chromium carbide
(Cr3Cy) [4], in the system of titanium diboride (TiBj) —
copper, under conditions of its reaction thermal synthesis
[5]. Paper [6] suggests obtaining the composites that were
strengthened with tungsten carbides by applying the method
of centrifugal reinforcement, or surfacing [7]. An analysis of
results reported in papers [3—7] reveals that a general draw-
back of composites is their high (=10 %) residual porosity.
This is predetermined by that such super-hard compounds as
B,4C, TiBy, TiC and others, which have been explored lately,
are poorly wetted by molten copper at temperatures close to
the melting temperature of copper [8]. In addition, reported
technologies for obtaining composite materials do not make
it possible to achieve a high concentration of refractory
compounds (>50 % by volume) in a composite. Therefore, in
order to obtain composites with a copper matrix, it is ratio-
nal to apply a method for the impregnation of porous carbide
skeletons with molten [9]. This method allows obtaining
almost pore-free materials containing refractory compounds
in the range of 60-80 % by volume. However, when apply-
ing the method of impregnation, there is an issue related to
wetting the refractory phase with a molten. Because the
compounds examined in papers [3—7] are poorly wetted by
copper, there is a need to find the new refractory compounds
for composites with a copper matrix.

A promising material for obtaining composites with a
copper bonding using a method for the impregnation of po-
rous ceramic skeletons with molten is, in particular, niobium
monocarbide (NbC), which is well wetted by metals [10]
and is characterized by high hardness and chemical stability
[11]. Using NbC as a component of composites with a copper
matrix, obtained via impregnation, makes it possible to elim-

inate the disadvantages characteristic of composites, which
were described in papers [3—7]. In other words, to ensure the
absence of residual porosity and to increase the content of
the carbide phase of up to 60 % by volume.

3. The aim and objectives of the study

The aim of this study was to establish regularities in the
formation of structure of composites in the system NbC—Cu
when obtaining materials using a method of the impregna-
tion of porous carbide skeletons, and to define their physi-
cal-mechanical characteristics. That will make it possible to
construct the wear-resistant composite materials, as well as
coatings for antifriction purposes.

To accomplish the aim, the following tasks have been set:

— to devise a technology for obtaining composites of the
system NbC—Cu applying a method of impregnation of po-
rous carbide skeletons with molten;

— to establish the character of structure formation, the
phase composition, and properties of composites of the sys-
tem NbC—Cu;

—to devise a technology for applying coatings from
composites of the system NbC—Cu using a method of elec-
tric-spark doping;

—to explore the morphology of electric-spark coatings
from composites of the system NbC—Cu and to define their
tribotechnical characteristics.

4. Materials and methods to study the process of
obtaining the NbC—Cu composite, as well as coatings
based on it

The prerequisite for obtaining composites with a matrix
based on copper is, first of all, the capacity of the refractory
phase to be wetted with a copper melt. In order to use com-
posites with a copper matrix as the carbide phase, there are
the carbides of transition metals from group IV-VI in the
periodic system of elements, such as V, Cr, Nb and Ti. A com-
parative analysis reveals (Fig. 1) that the carbides of Cr and
V, which are wetted relatively well with the molten copper
(contact wetting angle ©<90), are characterized by low mi-
crohardness while the carbide of Ti, having high microhard-
ness, is not wetted (@>90°). In terms of wetting capacity
and microhardness, the carbide of Nb accepts intermediate
values, which is why it is the most promising one, among the
examined refractory compounds, for the reinforcement of
copper matrix.

The source materials used included the powder of NbC
(TU 6-09-03-75); the composition of the carbide applied
(Nb>88.5 %, C>11.1 %) was in line with formula NbC gs;
the average particle size was ~1 pum; and copper of grade
MOb in line with GOST 859-2001 (analog of Cu—OF
(CWO008A)). The samples were fabricated by the method of
carbide skeleton impregnation. In order to make a porous
skeleton, the carbide powder was plasticized by mixing on a
5 % solution of rubber in gasoline. After drying and granu-
lation, the powder was pressed in a steel mould at a pressure
of ~500 MPa. Thus, we obtained the workpieces the size of
55%30x10 mm. The open porosity, measured using the method
of weighing the moulded workpieces, amounted to ~40 %. To
conduct the impregnation process, we have chosen a “top-
down” method. In order to implement it, we placed, atop the



workpieces, the briquettes of copper calculated to fill 100 %
of pores. Next, the workpieces were put in crucibles made of
aluminum oxide with zirconium dioxide backfill. Next, the
crucibles were placed in the vacuum furnace SShV-1.25/
25-11, where we heated them in a vacuum under the mode
that implies the stages shown in Fig. 2: I — slow heating
up to 1,000 °C in order to remove the plasticizer without
destroying the workpiece; 1T — rapid heating up to 1,400 °C;
isothermal aging at 1,400 °C, during which capillaries of the
porous carbide skeleton are filled with molten copper.
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Fig. 1. Comparative characteristics of the wetting capacity of
copper and the microhardness of certain refractory carbides
of metals from group IV—VI in the periodic system [10]
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Fig. 2. Mode of workpiece heating in order to obtain
NbC—Cu composites

To study the microstructure, we used the scanning mi-
croscope Zeiss EVO 40X VP, equipped with the system for
X-ray microanalysis INCA Energy and the phase contrast
detector CZBSD. In order to determine a phase composition
of the obtained materials, we applied the diffractometer
DRON-3, under the mode of monochrome CuKa radiation.
Results of the X-ray analysis were processed employing the
software FullProf.

Thermodynamic calculation of the equilibrium number
of phases, as well as concentration, was performed using the
software JMatPro.

We determined the character of grain distribution in the
carbide phase and a copper bonding applying the method of
random secants, the distance between which was 5 pm. For

analysis, we chose an area the size of 0.7x1.0 mm from the
photograph of the microsection, acquired from electron mi-
croscopy under the mode of diffraction of inversely scattered
electrons.

Durometric study was conducted using the microhard-
ness meter PMT-3, equipped with the digital camera-eye-
piece eTREK UCMOS 5100 (China). Loading on the in-
denter varied from 0.5 to 2 N. The microhardness value
was calculated based on the results of three imprints from
formula:

FA0°
7 M

H,=1854

where H, is the microhardness, MPa; Fis the load, N; dis the
diagonal of pyramidal imprint, um.

Macrohardness in line with the Rockwell method was
determined according to a standard procedure from GOST
9013-59 (ISO 6508-86) at the hardness meter TK-2 on
scale C.

The boundary strength at bending (R;,,) was determined
by the method of a three-point bending according to GOST
20019-74 on samples the size of 5x5x5 mm; distance between
immobile supports was [=25 mm. Calculation was carried
out according to the following formula:

3P
CRNTTEN 2)

where P is the destructive effort, N; b is the width of the
sample, mm; /% is the height of the sample, mm.

In order to estimate crack resistance, we calculated
a critical factor for the intensity of stresses I in the de-
formation mode (K, using an indirect procedure by Ev-
ans-Charles based on the results of measuring the width
of cracks that originate from the imprint of the diamond
Vickers pyramid. The measurements were carried out at the
hardness meter TP-7P-1 under a load of ~600 N; calculation
is in line with formula:

K, =00752, 3)
CE
where K, is the coefficient of crack resistance, MPa-m!/?;
P is the load on indenter, N; C is the length of a crack, mea-
sured from the middle of the imprint (Fig. 3).
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Fig. 3. Schematic of crack length measurements when
determining crack resistance

Considering that, according to [12], coatings from the
system refractory compound-copper are promising for the



electric-spark application of antifriction coatings, the de-
veloped composite materials of the system NbC—Cu were
applied onto steel of grade 45 by the electric-spark method.
In this case, we used the manual installation MP-EL2,
equipped with an electromagnetic vibrator, under the fol-
lowing modes: frequency, 200 Hz; voltage of idling, 39 V,
the average magnitude of current in the circuit of capacitors
charge, 1.2 A. Duration of treatment changed in the range
from 1 to 8 min/cm?. We applied the coatings in the open
air. The kinetics of coating application (a change in the mass
of the anode and cathode) were estimated by weighing the
samples after a coating application at a step of 1 min/cm?.
Based on the acquired data, we built kinetic curves for the
total change in the mass of the anode £Aa and the cathode
YAk. A mass transfer coefficient was calculated from formula
K=(ZAk/ZAa)-100 %. The weighing was performed at the
analytical scale VLA-200.

Tribotechnical properties of the applied coatings were
determined at the friction machine SMC-2 in line with the
scheme disc-pad; the coating was applied to the inner surface
of the pad whose counterbody was a roller made of steel 45,
thermally treated to a hardness of 40 HRC. In the process of
the tribotechnical tests, we measured a friction coefficient
and temperature in the area of contact. Friction coefficient
was calculated based on the measured friction momentum,
which was registered using an analog-to-digital converter.
The temperature was determined based on the readings from
a thermocouple, placed at a distance of 1 mm from the con-
tact zone. Relative wear resistance was determined in line
with the procedure proposed in paper [13]. A given proce-
dure implied the establishment of mass wear in samples with
the examined coatings under conditions of their friction
against loose abrasive. The reference was a sample with the
coating from the solid alloy VKB6.

5. Results of studying the structure and properties of the
composite Cu-NbC, as well as coatings based on it

The results of microscopic analysis of the starting NbC
powder (Fig. 4, a) show that it consists of dispersed (the size
of ~1 um) carbide particles with the developed surface. After
we impregnated the pressed powder with molten copper, we
obtained a composite whose structure consists of the carbide
frame, formed from grains of rounded shape and the layers of
a metallic bonding (Fig. 4, b). The structure of the material
forms by the dissolving-deposition mechanism, characteris-
tic of the process of liquid-phase sintering under conditions
for good (0«90°) wetting of the refractory component
with molten metal-bonding. Given that, according to data
from paper [14], in the system NbC—Cu at a temperature of
1,150 °C the contact wetting angle © is <90° (at which im-
pregnation is fundamentally impossible), then the progress
of the impregnation process at 1,400 °C indicates a strong
temperature dependence of the contact wetting angle in the
system NbC—Cu. The process of impregnation is accompa-
nied by an increase in the size of grains in the carbide phase,
compared to the starting powder, as well as the presence
of some grains of pores with a spherical shape in the body.
The results of the X-ray phase analysis (Fig. 5) revealed
only two phases of NbC with a crystalline parameter of
4.468 A, which corresponds to the formula of NbCg 97 and
Cu with a crystalline parameter of 3.625 A (increased by

0.001 nm). Such a character of change in the phase crys-
talline parameters is predetermined by the limited mutual
solubility between a carbide and a metallic phase, which oc-
curs at impregnation temperature (1,400 °C). The results of
analysis into the distribution of carbide grains based on size
using the method of random secants (Fig. 6) show that their
average size is ~1.8 pm, while the greatest quantity (~40 %)
accounts for grains the size from 0.5 to 1.0 um. The character
of distribution of elements at the interphase boundaries was
determined by the relative intensity of spectra in the char-
acteristic X-ray radiation from Nb and Cu (Ixp, cy). Width
of the diffusion zone was measured based on zones in which
the high intensity of radiation was observed at once for Nb
and Cu. Results from the microrentgenospectral analysis
along the line that passes through the interphase boundaries
(Fig. 7) indicate the presence of a diffusion zone with a
thickness of 2—3 pm, formed as a result of redistribution
of Nb and Cu. Its presence at the interphase boundary is a
positive factor, as it greatly enhances the bond between a me-
tallic and a carbide phase, making it possible to obtain a high
level of mechanical properties. Hardness of the resulting ma-
terial is ~40 HRC, which is 1.2 times higher compared with
materials of the system Cu-WC with same volumetric ratio
between the carbide and metallic phases; fracture toughness
is MPa-m!/?, strength at bending is 600 MPa.
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Fig. 4. Results of microscopic analysis: @ — morphology of
particles in the starting NoC powder; b — structure of
the NbC—Cu composite after impregnation

The results from determining the kinetics of a mass
transfer (Fig. 8) in the process of applying a coating from
the developed composite by using the method of elec-
tric-spark doping demonstrate that the most optimal treat-
ment mode is 3 min/cm?. Further increase in the duration
of treatment leads to a dramatic decrease in the coefficient
of mass transfer.
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Fig. 7. Distribution of chemical elements at the interphase
boundaries in NboC—Cu composite

Microscopic analysis into morphology of the applied
coating (Fig. 9) reveals that the surface is relatively smooth
while pores and cracks are practically absent. In the surface
layer, one observes the disperse, evenly distributed, inclu-

sions of the phase rich in niobium (based on the results of
energy-dispersion analysis, the content of Nb is ~69 %). The
thickness of the applied layer is ~30 pm, its microhardness
is ~500 MPa.
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Fig. 9. Morphology of the surface layer from NbC—Cu
composite applied using electric-spark doping

Results of the tribotechnical study show that under
these testing conditions the values for a friction coefficient
at the first stages of testing admit values otf ~0.1. Over the
first 1,000 s of testing there occurs the intensive growth of a
friction coefficient to a value of ~0.16 (Fig. 10). The tempera-
ture in this case rapidly rises and accepts a value of ~90 °C.
Further increase in the duration of testing leads to a smooth
decrease in both the temperature and friction coefficient; in
5,500 s of operation the values for both parameters stabilize
at the level p=0.04-0.05 and 7=35 °C.
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electric-spark coatings using electrodes from the system
NbC—Cu

The results from determining wear resistance of the
coating made from NbC—Cu composite under conditions of
friction against loose abrasive indicate that its value is only
10 % lower compared with conventional electric-spark coat-
ings from the alloy VK6.

6. Discussion of results of studying the structure and
properties of NbC—Cu composite, as well as coatings
based on it

Obtaining composite materials in the system NbC—Cu
applying a method of impregnation of porous skeletons is
possible only under the condition when a contact wetting an-
gle ®«90°. At copper melting temperature, its value ®~70%
under such conditions, the rate of impregnation will be low
and there is a danger of the formation of non-impregnated
zones. An increase in temperature to 1,400 °C leads to a
dramatic increase in mutual solubility, the formation of a
diffusion zone, and a decrease in the contact wetting angle.
This is also confirmed by the thermodynamic calculations of
the phase elemental content (Fig. 11). In this case, no forma-
tion of new phases is observed in the process of crystalliza-
tion of an alloy-bonding. The rounded shape of particles in
the carbide phase indicates that in a given system copper is
not an interphase-active element, that is, its presence in the
system does not lead to a decrease in energy at the boundary
between a solid and a melt.

An analysis of the size distribution of NbC grains reveals
that the specified parameter is described with high precision
(corrected determination coefficient R?~0.95) by the log-
normal law in the form:

Jox]
N =d, +—A ¢ | )
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where w, dyand A are the distribution parameters, N(x) is the
amount, %; x is the average value for the desired magnitude.
For a given case, the values for parameters are: w=0.55;
dy=3.02; A=79.4; x,=1.3. That makes it possible to calculate
mechanical properties applying the ratio by Hall-Petch
based on the mean value for the size of grains.
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Fig. 11. Temperature dependence of solubility of Cu and Nb
in NbC, and in melt, respectively

The use of composites Nb—Cu as the electrode materials
for applying coatings via a method of electric-spark doping
enables the formation of wear-resistant layers with a high level
of anti-friction properties due to the presence of the matrix-re-
inforced structure in a surface layer. Mass transfer when
applying coatings is described by the curve with a maximum
corresponding to the mass transfer coefficient equal to 57 %.

The results obtained are justified by the rational choice of
the ceramic component of a composite (NbC) and performing
the process at a temperature that makes it possible to receive
a pore-free material by providing for wetting capacity. The
advantage of the developed composite over those known from
[3-7, 11] is the simplicity of the technology for obtaining them
and a possibility to apply composites in the form of coatings.

The main shortcoming of the electric-spark application of
coatings from the NbC—Cu composites is the limit on the thick-
ness of a coating. The maximum possible thickness is 60 pm. In
addition, the developed coatings are characterized by the high
surface roughness. In order to eliminate it, it is necessary to
foresee a period for the alignment of a friction pair. Advance-
ment of this research implies the employment of additional
operations to reduce a coating’s roughness, for example by the
method of rolling. It is also promising to apply combined coat-
ings from the developed composite and conventional materials
for electric-spark doping. However, there may arise difficulties
related to the choice of materials and selection of the optimal
duration for the process of applying a coating due to the differ-
ence in the physical properties of materials.

7. Conclusions

1. It was established that the optimal temperature for ob-
taining the NbC—Cu composites using the method of impreg-
nation of pre-formed carbide skeletons is 1,400 °C; under these
conditions, there is a significant decrease in the contact wetting
angle with a respective increase in the rate of impregnation.

2. It was established that the structure of the NbC—Cu
composite consists of rounded NbC grains the average size
of 1.8 pm, distributed according to the logarithmic-normal
law and the copper matrix. Such a shape of grains indicates
structure formation in line with the mechanism of deposition
dissolution, characteristic of solid metallic-ceramic alloys.

3. We have selected the following optimal technological
regimes for applying the coatings from Cu-NbC composites:



treatment duration is 3 min/cm?; current is 1.2 A, voltage is  persed particles of NbC. Coating thickness is 30 um; its
39 V, vibration frequency is 200 Hz. microhardness is ~500 MPa. Under conditions of friction

4.1t was established that the coatings from NbC—-Cu  without lubrication against a steel counterbody, the friction
composites consist of a matrix, which is an alloy of copper  coefficient after alignment is 0.04. That makes it possible to
and iron, the structure of which contains the evenly dis-  use the developed coatings as the antifriction ones.
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