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The results of tribological tests for a cathodic arc nickel coating doped with phosphorus are presented. The
coating (thickness of 2 um) is applied by a vacuum arc method from a nickel target with 6% phosphorus. The
friction coefficient (Cy) was determined on the tribometer, the depth of wear h of the coating after tribological tests
was determined by the contact profilometry method, and the specific volumetric wear () was calculated. The
obtained values of Cyg, , and h were used to optimize the parameters of tribological tests (load and slip frequency).

INTRODUCTION

Nickel coatings containing phosphorus, due to their
high hardness, wear resistance and corrosion resistance,
are currently used to reduce wear of rubbing surfaces,
protect the products made of steel and non-ferrous
metals against corrosion [1, 2], for protection against
electromagnetic interference and for MEMS [3]. In the
literature, studies are mainly conducted on nickel
coatings with phosphorus, obtained by electrolytic and
chemical methods [4, 5]. In order to increase corrosion
resistance, electrolytic nickel coatings are applied to the
surface in two layers. Such coatings with 18...20 at.%
of phosphorus demonstrate noticeably better corrosion
resistance in comparison with pure nickel [2, 6]. Nickel
coatings with different phosphorus content have
different physicochemical properties [7]. Nickel
coatings electrolytically deposited in complex solutions
can be brittle and have low corrosion resistance due to
the ingress of sulfur, boron and other elements
contained in the electrolyte into the coating. Cathodic
arc coating deposition is an environmentally friendly
technology in comparison with electrochemical
deposition or vapor-phase metallization in a vacuum.
The properties of vacuum coatings can significantly
exceed those of electrolytic ones [8]. In electrolytic
deposition, chloride-sulfate, acetate-chloride, nickel
sulfate, magnesium sulfate and other electrolytes are
used. This requires proper treatment and disposal. In the
process of vapor-phase metallization in a vacuum, while
obtaining ultrapure nickel coatings, poisonous carbonyl
vapors are released [2]. This requires an additional
complex ventilation system to completely exclude the
contact of vapors with humans.

The presence of oxide films and various phases on
the surface of vacuum-arc nickel coatings can create
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good conditions for the formation of tribofilms, which
can increase their wear resistance.

Increasing the wear resistance of coatings for use at
high contact pressures is one of the urgent tasks in
modern tool and mechanical engineering. It is important
to know under what operating conditions and contact
pressures certain coatings retain their properties most
effectively. Therefore, the question is raised about the
optimization of these parameters before the massive use
of coatings in industry.

There are several ways of parameter optimization:
finite element method, Taguchi method, fuzzy logic,
gray relational analysis, etc., which differ in the
calculation method, choice of parameters and
conditions. The most common method is gray relational
analysis [9], which allows you to select parameters and
conditions from several optimal ones obtained as a
result of the analysis.

The goal of this paper is to study the mechanical and
tribotechnical properties of the cathodic arc nickel
coating doped with phosphorus, and to optimize the
operating parameters using gray relational analysis.

MATERIALS AND RESEARCH METHODS

The nickel coating was applied by the cathodic arc
method using the “Bulat” installation [10]. The
sputtered cathode contained 6% phosphorus, the
cathode arc current was 100 A, and the bias voltage on
the substrate was -50 V. A 2 pm thick coating with the
phosphorus concentration of 2 at.% was applied to the
08X18H10T stainless steel substrate.

The morphology of the coating surface was
investigated using a JSM-7001F scanning electron
microscope (SEM), (JEOL, Japan).



The coefficient of friction (Cg) and wear of the
coating were determined using a multifunctional
tribometer MFT5000 (Rtec Instruments, USA). The
sliding frequency at the distance of 400 mm for 200
cycles and the load of 0.2...2.0 N varied from 1 to
30 Hz. Movement on the surface is reciprocating. A
Rockwell diamond indenter with the radius of 200 um
was used as a counterbody.

The contact pressure in the friction zone was
determined using the web-calculator of contact stresses
AMES (Advanced Mechanical Engineering Solutions)
[11]. The indenter load, indenter diameter, modulus of
elasticity for the coating and indenter were set. The
modulus of elasticity and microhardness of the coating
were determined using a Hysitron 750 Ubi nanoindenter
(United States).

The width of friction tracks on the coating was
determined using a MICRO-200 optical microscope
(JSC Planar, Republic of Belarus); the depth (on each
track in three places) and roughness of the coating were
measured with a Surftest SJ-210 contact profilometer
(Mitutoyo, Japan); profilograms with the length of 0.8
and 2.5 mm, respectively, were recorded. Specific
volumetric wear () was calculated from the volume of
material removed during the friction test, divided by the
product of load and distance [12].

Optimization was performed using the gray
relational analysis method in the Fuzzy Logic Toolbox
MATLAB simulation package. Gray relational analysis
is based on fuzzy systems in which only a piece of
information is known. In the theory of gray systems, it
establishes the relationship between the main factor and
auxiliary factors in the system under study by
comparing the reference sequence with the compared
sequences, on the basis of which the best of the reduced
models is determined [9].

The Fuzzy Logic Toolbox in MATLAB provides
capabilities for modeling systems based on fuzzy logic.
The creation of a model in this package includes the
following steps: creation of membership functions,
setting their ranges and form of functions, creation of
the system of rules for fuzzy inference [13].

The gray-scale relational analysis in MATLAB was
performed as follows:
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1. The data on the specific volumetric wear and the
friction coefficient were normalized in accordance with
the less-is-better effect using the formula [14]:
« _ maxx;(k)-x;(k)

Xi (k) o max x;(k)—min x;(k) '

@)

where x;(k) is the value for the parameter of the
sequence being compared; max x;(k) and min x;(k)
are the maximum and minimum values of the sequence
under study, respectively.

The goal of normalization is to bring the compared
sequences to a form that makes it convenient to estimate
the level of the parameter.

2. The GRC was determined by the formula [14]:

fl(k) — Amin +r* Amax :
AOi(k) + 1o Amax

where 4q; = |Ixo(k) — x{ (k)|| is the difference in
absolute values between Xo(k) and x/(k); 4,, and
Ao, are the minimum and maximum values of the
absolute deviation (4,,;) for all the compared sequences;
r is the distinctive coefficient used to correct the
difference in the relational coefficient and usually lies in
the interval [0; 1]. The effect 4,4, is controlled by the r
value. The lower the r value, the higher the
distinctiveness. The value of this coefficient was taken
equal to 0.5, as in [13].

3.The Gray Relational Grade (GRG) was
determined in the model created in MATLAB, as well
as the ranking of the results [14].

The ranking of the results was carried out using the
Microsoft Office Excel program. The operator RANK
was used, an array of values for the Gray Fuzzy Grade
(GFG) was selected as an argument to the function. The
higher the GFG value, the higher the rank.

RESULTS AND DISCUSSION

The results of studying the morphology of a vacuum
nickel coating using SEM are shown in Fig. 1. It can be
seen that on the surface of the coating there is a large
number of microdroplets, mostly circular in shape, the
size of which varies from 1 to 4 pm.

At maximum magnification (50.000 x), the coating
structure consists of microdroplets less than 1 pm in
size, and a cellular structure is also visible.
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Fig. 1. SEM images of the nickel coating doped with phosphorus, 5000 x (a) and 50000 x (b) magnification



The roughness of the coating surface, measured by
the profilometer, was Ra=0.163; Rq=0.239, and
Rz = 1.279 pm. The microhardness and elastic modulus
values are 5.1 and 135 GPa, respectively.

As a result of tribotechnical tests, friction tracks
were obtained on the coating surface, each of which
corresponded to certain friction parameters: sliding
frequency and load (Fig. 2). The dependence of the
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wear depth on the sliding frequency, taking into account
the coating thickness, is shown in Fig. 3. Based on the
obtained values, it was found that the complete wear of
the vacuum nickel coating after friction occured at the
loads of 1.5 and 2.0 N at all the frequencies of 1...30 Hz
(see Fig. 3). The contact pressure under such loads was
20.2 and 22.2 GPa, respectively.

Fig. 2. Images of friction tracks on a nickel coating from an optical microscope at various parameters of
tribotechnical tests
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Fig. 3. Wear depth at various parameters of tribotechnical tests



At the loads of 1.5...2.0 N and sliding frequency of
10 to 30 Hz, in addition to complete wear of the coating,
a change in the structure of the tracks is observed:
deformation of the track lateral edges occurs, sagging
appears, inside the tracks there is a significant
unevenness of the wear depth. Such changes occur at
the complete wear of the coating and further wear of the
steel substrate. The load of 0.2 N (contact pressure of
10.3 GPa) at all the frequencies does not lead to
complete wear of the coating, while the track depth
varies in the range from 0.59 um (at 1 Hz) to 1.40 pm
(at 30 Hz).

Complete wear of the coating does not occur at the
sliding frequencies of 1 and 4 Hz up to the load of 1.0 N
(contact pressure of 17.6 GPa) inclusively. The
maximum depth of the coating wear at the frequencies
of 1 and 4 Hz is 1.74 um. At the load of 0.5 N (contact
pressure of 14.0 GPa), sliding frequency of 10 Hz or
more, complete wear of the coating also occurs.

The results of determining the friction coefficient
and calculating the specific volumetric wear for various
parameters of tribotechnical tests are shown in Fig. 4. In
the literature [5], the values of the friction coefficient
are presented within the range from 0.2 to 0.7 for the
nickel coatings deposited by the electrolytic method at
the loads of 30 and 40 N. In accordance with the results
of the study on the cathodic arc nickel coating doped
with phosphorus, the friction coefficient varies from
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0.05 to 0.35. The maximum value of the friction
coefficient was obtained at the load of 2 N and sliding
frequency of 20 Hz. At the load of 0.2 N, at which there
is no complete wear of the coating at all the sliding
frequencies, the friction coefficient remains in the range
from 0.05 (at 4 Hz) to 0.30 (at 20 Hz).

The maximum wear of 123.91-10™ m*/(N-m) occurs
at the load of 1.0 N and rate of 30 Hz (see Fig. 4). The
friction coefficient in this case was 0.08. The minimum
value of the specific volumetric wear of
3.11-10™ m*/(N-m) was obtained at the load of 0.2 N
and rate of 1 Hz. The values of the specific volumetric
wear, in addition to the sliding frequency and load,
significantly depend on the uniformity of the wear depth
along the entire length of the track. Based on the results
obtained, using gray relational analysis, the friction
modes were evaluated under various experimental
conditions and the optimal modes were selected under
the following conditions: the lower the friction
coefficient, depth of wear and specific volumetric wear,
the better. For this, the experimental data were
normalized using the formula (1) and, on their basis,
GRC were calculated using the formula (2). Then, in the
MATLAB program in the Fuzzy Logic Toolbox
package, a fuzzy inference system was formed for three
input parameters (o, Cg, and h).
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Fig. 4. Friction coefficient (a) and specific volumetric wear (b) at various parameters of tribotechnical tests

GRG data were obtained from the gray relational
coefficients. An additional condition was also the fact
that if the wear depth h exceeded the coating thickness
(2 um), then the value of this experiment decreased and
the GRG coefficient for such experiments also became
lower. In Tablel, the experimental conditions,

experimental results, GRG and estimations are
described. With the help of Table 1, the order of the
experiments based on the obtained values of the GRG
coefficient can be established. The closer GRG is to
one, the better.



Experimental conditions, their results and evaluation

Table 1

-13

Experiment No. | v, Hz | P, H n%/ﬁrlxlqm) hum | Cy | GRCo | GRCey | GRCh | GRG | Order
1 1 0.2 3.11 0.59 | 0.08| 1.000 | 0.833 | 1.000 | 0.935 1
2 1 0.5 3.84 1.09 | 0.06| 0.988 | 0.938 | 0.793 | 0.898 4
3 1 1.0 4.00 1.60 | 0.07| 0986 | 0.882 | 0.655 | 0.845 5
4 1 1.5 5.05 212 | 0.08| 0.969 | 0.833 | 0.556 | 0.667 12
5 1 2.0 4,95 230 | 0.08| 0.970 | 0.833 | 0.528 | 0.668 11
6 4 0.2 4,95 0.75 | 0.05| 0.970 | 1.000 | 0.923 | 0.932 2
7 4 0.5 459 1.17 | 0.05| 0976 | 1.000 | 0.768 | 0.905 3
8 4 1.0 5.33 174 | 0.06 | 0.965 | 0.938 | 0.625 | 0.837 6
9 4 1.5 7.15 230 | 0.08| 0.937 | 0.833 | 0.528 | 0.657 14
10 4 2.0 6.26 2.35 | 0.08| 0.950 | 0.833 | 0.521 | 0.661 13
11 10 0.2 17.04 152 |0.07| 0813 | 0.882 | 0.673 | 0.796 7
12 10 0.5 19.68 227 |0.10| 0.785 | 0.750 | 0.533 | 0.572 21
13 10 1.0 9.38 227 | 0.06 | 0.906 | 0.938 | 0.533 | 0.676 10
14 10 1.5 8.23 2.33 | 0.10| 0.922 | 0.750 | 0.524 | 0.617 18
15 10 2.0 5.91 196 |0.11| 0956 | 0.714 | 0.583 | 0.739 8
16 20 0.2 15.44 1.33 | 0.30| 0.831 | 0.375 | 0.721 | 0.640 15
17 20 0.5 27.46 251 | 0.05| 0.713 | 1.000 | 0.499 | 0.636 16
18 20 1.0 23.02 297 |0.20| 0.752 | 0.500 | 0.446 | 0.479 23
19 20 1.5 18.36 3.24 | 0.07| 0.798 | 0.882 | 0.419 | 0.628 17
20 20 2.0 14.22 3.15 | 0.35| 0.845 | 0.333 | 0.428 | 0.460 24
21 30 0.2 20.21 140 |0.12| 0.779 | 0.682 | 0.703 | 0.720 9
22 30 0.5 34.68 2.66 | 0.11| 0.657 | 0.714 | 0.481 | 0.526 22
23 30 1.0 123.91 442 |0.08| 0.333 | 0.833 | 0.333 | 0.428 25
24 30 1.5 14.21 2.84 | 0.09| 0.845 | 0.789 | 0.459 | 0.612 20
25 30 2.0 17.74 356 | 0.08| 0.805 | 0.833 | 0.392 | 0.613 19

Table 2
Ranking by parameter levels

Experiment No. v,Hz | P, N | GRG Rank Experiment No. P.H | v,Hz | GRG Rank
1 1 0.2 | 0.935 1 1 0.2 1 0.935 1
2 1 0.5 | 0.898 2 6 0.2 4 0.932 2
3 1 1 0.845 3 11 0.2 10 0.796 3
4 1 1.5 | 0.667 5 16 0.2 20 0.640 5
5 1 2 0.668 4 21 0.2 30 0.720 4
6 4 0.2 | 0.932 1 2 0.5 1 0.898 2
7 4 0.5 | 0.905 2 7 0.5 4 0.905 1
8 4 1 0.837 3 12 0.5 10 0.572 4
9 4 1.5 | 0.657 5 17 0.5 20 0.636 3
10 4 2 0.661 4 22 0.5 30 0.526 5
11 10 0.2 | 0.796 1 3 1 1 0.845 1
12 10 05 | 0.572 5 8 1 4 0.837 2
13 10 1 0.676 3 13 1 10 0.676 3
14 10 1.5 | 0.617 4 18 1 20 0.479 4
15 10 2 0.739 2 23 1 30 0.428 5
16 20 0.2 | 0.640 1 4 15 1 0.667 1
17 20 05 | 0.636 2 9 15 4 0.657 2
18 20 1 0.479 4 14 15 10 0.617 4
19 20 1.5 | 0.628 3 19 15 20 0.628 3
20 20 2 0.460 5 24 15 30 0.612 5
21 30 0.2 | 0.720 1 5 2 1 0.668 2
22 30 0.5 | 0.526 4 10 2 4 0.661 3
23 30 1 0.428 5 15 2 10 0.739 1
24 30 1.5 | 0.612 3 20 2 20 0.460 5
25 30 2 0.613 2 25 2 30 0.613 4




Thus, the most suitable operating conditions for the
cathodic arc nickel coating doped with phosphorus
2 um thick are the parameters corresponding to the
tribotechnical tests 6 (frequency 4 Hz, load 0.2), 7
(frequency 4 Hz, load 0.5 N), and 1 (frequency 1 Hz,
load 0.2 N), which provide its maximum life.

In accordance with the obtained GRG coefficients,
ranking within each load level and slip frequency was
performed (Table 2). For this, the GRG coefficients
were used from Table 1. Then they were divided into
the groups, in which there was one constant parameter
(either frequency or load), and another one was variable.

Then, using the RANK operator in Microsoft Office
Excel, within each group, the GRG values were
assigned ranks from 1 to 5, where rank 1 is considered
the best.

In Table 2, it is shown that under constant loads, the
optimal values of specific volumetric wear and friction
coefficient are observed at the rates of 1 and 4 Hz. In
the case of constant frequencies, the minimum forces
are optimal for 1, 4, and 20 Hz, and for 10 and 30 Hz,
the following is observed: at the frequency of 10 Hz, the
optimal load value is -0.2 N followed by 2 N; for the

rate of 30 Hz, the optimal load is 0.2 and 2 N, but at the
load of 2 N, complete wear of the coating occurs.

Also, an averaged assessment of frequencies and
loads was carried out by determining the average
indicators GRG,, for each value of rate and load
separately (Table 3). From Table 1, all the values of
GRG,, corresponding to a certain level of load or
frequency were selected, and their average value was
found. For example, when searching for an average
value of the load 0.2 N, the GRG values were taken
from the experiments 1, 6, 11, 16, and 21 (see Table 1).
On the basis of the averaged data, it was found that the
optimal values are a sliding frequency of 1 Hz and load
of 0.2 N. The effect of frequency and load on coating
wear and the coefficient of friction is determined from
the difference between the maximum and minimum
averaged values of GRG,, from Table3: a large
difference corresponds to a greater influence of the
input parameter on the result. In accordance with the
results of gray relational analysis, the greatest influence
has the sliding frequency during friction, as the
difference between the maximum and minimum GRG,,
(see Table 3) is higher for the frequency in comparison
with the same difference for the load.

Table 3
Values of average ratings at different levels of load and test speed

Frequency v, Hz GRG,, Load P, N (Contact pressure, GPa) GRG,,
1 0.803 0.2 (10.3) 0.805

4 0.798 0.5 (14.0) 0.707

10 0.680 1.0 (17.6) 0.653

20 0.567 1.5(20.2) 0.636

30 0.579 2.0 (22.2) 0.628
Difference 0.234 Difference 0.176

CONCLUSIONS

Tribotechnical tests of a vacuum-arc nickel coating
doped with phosphorus were carried out at various loads
from 0.2 to 2.0 N and sliding frequency from 1 to
30 Hz. The coefficient of friction and the depth of wear
were determined. The specific volumetric wear was
calculated.

It is shown that the value of coating wear depends
on the sliding frequency and load, as well as the
uniformity of wear depth along the entire length of the
track.

It was found that only at the load of 0.2 N, there was
no complete wear of the coating at all sliding
frequencies. Specific volumetric wear in this case varied
from 3.11-10 m*(N'm) (at 1 Hz) to 20.21-10™ m%(N-m)
(at 30 Hz). The maximum wear 123.91-10™ m*/(N'm)
occurs at the load of 0.5 N and the rate of 30 Hz. The
friction coefficient ranged from 0.05 to 0.35. The
maximum Cy, value of 0.35 was obtained at the load of
2 N and frequency of 20 Hz.

On the basis of the obtained experimental data on
the friction coefficient and specific volumetric wear,
using gray relational analysis, the parameters of
tribotechnical tests were optimized in accordance with
the following criterion: the lower the friction coefficient
Ct and specific volumetric wear ®, the better, provided
that the depth of wear h does not exceed the coating
thickness (2 um). The optimization results show that the

sliding frequency during friction has the greatest
influence on Cy; and ®. The optimal load for a cathodic
arc nickel coating doped with phosphorus is 0.2 N. The
sliding frequency in this case should be no more than
1 Hz.

The obtained optimal operating parameters make it
possible to use a vacuum nickel coating doped with
phosphorus (2 at.%) to protect the friction units for
which the contact stress in the friction zone does not
exceed 10 GPa.
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ONTUMMU3BALIAA YCJIOBUM SKCILTYATAILIAU KATOJHO-AYT'OBOI'O HUKEJEBOI'O
HOKPBITHUA, JETUPOBAHHOI'O ®OCPOPOM

B.A. Jlanuukasa, T.A. Ky3ueyoea, P.3. Tpyxan, A.B. Xaovaposa, C.A. Yuxncuk, A.C. Kynpun, A.H. Komapoe,
A.B. Opoa, /1.B. Kyoun, A. Koneru

IIpencraBneHsl pe3ynbTaThl TPUOOTEXHWYECKHX HCIBITAHWH KaTOAHO-AYTOBOTO HHKEJIEBOTO MOKPBITHA,
nerupoBaHHOro (ochopom. ITokpeITHE TOMIUHON 2 MKM HaHECEHO BAKYYMHO-IYyTOBBIM METOJOM M3 HUKEIICBOH
mumeHu ¢ 6% docdopa. Ha Tpubomerpe ompenenenst koddduiments: Tperus (K.,), METOIOM KOHTAaKTHOMH
npodunomeTpun onpeseneHa riayouHa nzHoca (N) MOKPBITHS MOCe TPUOOTEXHUYECKUX HCIBITAHUHM, PacCUUTaH
yZeTbHBIH 00beMHBI n3HOC (®). ITo MomydeHHBIM 3Ha4YeHHsAM K, ® ¥ h mpoBeneHa OoNTUMM3AIMS AapaMETPOB
TPUOOTEXHUYECKUX MCIIBITAHUH: HATPY3KH M YaCTOTHI CKOJILKEHHSI.

ONTUMI3ALIA YMOB EKCILTYATAIII KATOAHOI'O JIYTOBOI'O HIKEJIEBOI'O
HOKPUTTA, JETOBAHOI'O ®OCPOPOM

B.A. Jlanuuska, T.A. Ky3neyosa, P.E. Tpyxan, A.B. Xaoaposa, C.A. Quocux, O.C. Kynpin, A.1. Komapos,
A.B. Opoa, /I.B. Kyoin, A. Koneru

[MpencraBneHo pe3yibTaTH TPUOOTEXHIYHMX BUIPOOYBaHb KaTOJHO-IYrOBOTO HIKEJIEBOTO IOKPHUTTS,
neroBanoro ¢ochopom. I[IOKpUTTS TOBIIMHOIO 2 MKM HAHECEHO KaTOJHO-TYTOBHM METOJOM 3 HIKEJICBOi MilleHi 3
6% docdopy. Ha Tpubomerpi Busnadeni koedinientn Tepts (Ky,), METOJOM KOHTAKTHOI npodinoMeTpil BU3HaUeHA
rnubuHa 3H0Cy () TOKPUTTS micist TPHOOTEXHIYHUX BHIIPOOYBaHb, PO3paxoBaHuil MUTOMHUIT 06'eMHnit 3HOC (®). 3a
OTPUMAHUMHM 3HayeHHAMH K,,, ® Ta h IpoBejeHa oONTHMi3allis TapaMeTpiB TPUOOTEXHIYHMX BUIPOOYBaHb!
HaBaHTAXXCHHS Ta YaCTOTH KOB3aHHS.
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