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This work is devoted to investigation of mechanical and tribological proper-
ties of carbon nitride (CNx) coatings deposited on the titanium IM125 and
steel AISI321 substrates by the method of reactive magnetron sputtering of a
graphite target at direct current in a mixture of gases argon/nitrogen. As
shown, at pressure p=0.35 Pa, nitrogen concentration in a mixture of gases
C=42-58%, substrate temperature Tsuwst. =130°C, the highest values of
hardness H =15-20 GPa, modulus of elasticity E*=120-132 GPa, normal-
ized hardness H/E*=0.130-0.152, elastic deformation c.s=4.03-4.6% are
obtained, indicating increased ductility and wear resistance of the coating
under friction. Wear-resistance testing conducted under dry friction by
means of the ball-on—disc and ball-section methods show that high wear re-
sistance is found in CN: coatings with the highest carbon ordering, and it is
confirmed by high values of normalized hardness H/E™ and &... Testing in
blood plasma of titanium IM125 samples with CN. coating in friction pair
with chirulen yields low values of friction coefficient and wear intensity of
chirulen equal to 0.079 and 0.65 mm/km, respectively.
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Haxy pobOTy IPMCBAYEHO MOCIIIKEHHIO MEXaHIUHMX i TpmboJsIOoriuHMX BJjac-
TrBOCTeN NMOKpUTTiB HiTpuny Kapbony CN., HaHeCceHNX HAa OCHOBU 3 TUTAHY
IM125 i xpumi AISI321 meTom0M PeaKTUBHOTO MATHETPOHHOTO PO3TIOPOIIEH-
Ha rpadiToBoi MimieHi Ha mocTifiHOMY cTpyMi B cyMmimnti rasis apron/asor. Ilo-
KasaHo, mo 3a Tucky p=0,35Ila, xKoHmemTpamnii asory B cywmimi rasis
C=42-58%, remmnepaTtypi oCHOBU Tocrosn = 130°C ogmep:xano mHanbinbmri 3Ha-
yeHHsa TBeppoctu H =15-20 I'Tla, moxgyasa npy:xuoctn E*=120-132 I'lla, Ho-
pMoBaHO1 TBEPOCTU H/E*=0,130-0,152, IPYKHBOI Iedopmairii
€es =4,03-4,6%, 1110 CBiTUMUTHL TTPO TMiABUINIEHY IIJIACTUYHICTD i BHOCOCTIHIKiCTh
IIOKPUTTA 3a TepTA. BunpoObyBaHHA 3HOCOCTiMKOCTH, IPOBELEH]I B yMOBax Cy-
XOT'O0 TepPTA MEeTOHaMU KYJIS—OUCK i Kyasa—Inmid, mokasaau, IO IIiABUIIEHY
B3HOCOCTiHIKicTh BusiBaeHO V MOKPUTTS CNy 3 HAWBUIIINM KapOOHOBUM YIIOPAT-
KYBaHHSM, IO IiATBEPAKYETHCA BHUCOKMMM 3HAYEHHAMU HOPMAaJi3oBaHOI
TBepaoctu H/E® i TOKa3HUKOM IPYKHBOI AedopMalrii €es. ¥ AOCITimKeHHI B
miasmi KpoBi 3paskiB Turtany IM125 3 mokpurtam CN: y mapi Tepra 3 xipye-
HOM BCTAHOBJIEHO HU3BbKi 3HaueHHA KoedillieHTa TepTs I iHTEeHCHUBHOCTH 3HO-
ITyBaHHA XipyJeHa, aki gopiBaioBaam 0,079 i 0,65 mm/KM BigmoBigHo.

Karouosi ciioBa: peakTrBHE MArHeTPOHHE PO3IOPOINEHHS, IOKPUTTA HiTpH-
nom Kapbony, MikpoinmenTyBaHHsA, TpubOJOTiuHiI BiaacTHMBOCTI, rpadiToBa
MillleHb, OioMeaguYHAa CyMiCHiCTb.

(Received February 6,2023; in final version, February 28, 2023)

1. INTRODUCTION

As shown theoretically, carbon nitride (CN,) should be harder than di-
amond, if it has 3-CsN4 structure [1]. Even though CN. coatings still do
not have such an ideal theoretical structure, its high hardness in the
range of 15-50 GPa was obtained by several research groups [2-4].
Compared with hydrogenated diamond like carbon coatings, CN, has a
higher wear resistance at a low friction coefficient [5]. Tribological
studies of CN, coatings of 100 nm thick, deposited by ion-beam method
on silicon plates, revealed that the lowest friction coefficient is found
in nitrogen, CO;, and vacuum (u=0.01-0.1), and the highest—in air
and oxygen (u=0.2—-0.4). Friction coefficient is decreased after a cer-
tain number of friction cycles. Particles of CN, wear appear on the in-
terphase of two sliding surfaces, from which agglomerates, moving
layers and layer mixtures form. Some of them promote matching of the
two surfaces, other components on the contact interphase act as a good
lubricant [6]. It is found that both mechanical and physic-chemical
properties of CN, layers depend on their nitrogen content: biocompati-
bility, wetting with synovial fluid in human plasma. Owing to these
properties, CN, coating can be used in end prostheses and orthodontic
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[7-12].

CN. coatings are mainly produced by the method of reactive magne-
tron sputtering of a graphite target in a mixture of gases Ar/N.. For in-
stance, [13] gives the results of studying mechanical and tribotechnical
properties of CN, magnetron coatings 0.5 ym thick, which are deposited
on silicon, nickel, and tool steel substrates at changing content of N and
substrate temperature of 100°C and 350°C. As shown, the maximum
value of elastic restoration of the coating surface, characterizing its in-
creased wear resistance, reaches W,=78-90% in CNy.190 and CNy.z5 coat-
ings; wear rate of coatings deposited at T'=350°C is two times higher.

The paper presents the results of investigation of mechanical and
tribological properties of CN, magnetron coatings (6 =2—-4 um).

2. EXPERIMENTAL/THEORETICAL DETAILS

Coatings were deposited using upgraded vacuum unit VU-1BS, which
was fitted with direct current magnetron sputtering module, consist-
ing of two magnetrons: Magnetronl with disc MPG-7 graphite
(99.98% purity) target (& =88 mm, 4 mm thickness) and Magnetron 2
with rectangular IM125 titanium alloy target (90x58x4 mm). Magne-
trons were mounted so that the angle between target surfaces was
equal to 150°. This enabled simultaneous or alternative deposition of
coatings on a stationary substrate from two magnetrons at the same
distance between the substrate and targets equal to 110 mm. Magne-
tron 2 was designed for deposition of adhesion bond coat of titanium
and TiCN interlayer.

The following were used as substrates: a) AISI321 steel and IM125
titanium samples of 65x30x0.5 mm size, b) IM125 titanium sample of
Z=25mm and 6 =5 mm.

Before placing into the vacuum chamber, the samples were cleaned
in an ultrasonic bath, successively filled with acetone and ethyl alco-
hol. At p=5.0-10"*Pa, the sample was preheated at Tsustr. = 150°C for
20 min, then without switching the heater off the sample surface was
cleaned by bombardment with argon (high purity) ions in a direct cur-
rent glowing dischargeat p=1.3 Pa, U=1100V for 20 min.

CN, coatings formed on the sample surface through a titanium bond
coat and TiCN interlayer at the following parameters:

a) deposition of titanium bond coat (6 =0.3 ym) in Ar at p=0.35 Pa,
specific power of magnetron discharge with titanium target
A=3.5 W/em, deposition rate Vr; = 25 nm/min, substrate bias voltage U
varying from —300 V up to —-1400 V;

b) deposition of intermediate layer of TiCN (6 =0.13-0.25 pum) using
joint reactive magnetron sputtering of the graphite and titanium tar-
gets at direct current in a mixture of gases Ar/N; at p=0.35Pa, 1 Pa
and 2Pa, volume concentration of nitrogen in Ar/N. mixture
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C=25.6%, ratio of powers of magnetron discharge at targets
Po/Pr;=2.7-3.0,U=0—40V;

c¢) deposition of CN, main layer (6 = 2—-3.9 um) in the mixture of gas-
es Ar/Nz at p=0.35Pa, 1 Paand 2 Pa, C=42-58%, A=10 W/cm, U =0-
—40V, Tswstr. = 130, 200, 350°C.

The investigation of influence of magnetron sputtering process pa-
rameters on phase composition and structure of carbon nitride coat-
ings is presented in[14].

Mechanical testing of three-layer CN, coatings was performed by
microindentation method with Micron-Gamma instrument. Parameter
values were calculated automatically by ISO 14577-1:2002 standard.

Evaluation of abrasion wear resistance under dry friction of CN,
coatings, deposited on IM125 titanium samples (6 =6 mm, & =25 mm)
was performed by the methods of ball-on—disc and ball-section. Tribo-
logical testing of IM125 titanium samples with CN, coating in friction
pair with chirulen (ultra-high molecular weight polyethylene—
UHMW PE) in blood plasma was also performed.

Determination of coating wear resistance by the method of
ball-on—disc was conducted using an instrument consisting of an elec-
tromechanical drive, stage for sample fastening, rotating in the hori-
zontal plane, indenter with replaceable steel ball with & =5.5 mm. Di-
ameter of the track of coating abrasion varied in the range of 10 to
18 mm by shifting the indenter axis relative to that of stage rotation.
Coatings were tested for 60 minutes at the 2 N and 3.5 N loading on
the indenter. Coating wear resistance was assessed using MBS-8 micro-
scope by the appearance of the annular track crater, formed on the
length of the covered path L, at the number of rotations n =2000, 2500,
3000. Coating was considered more wear-resistant at smaller width and
depth of the track crater, at smaller number of delaminations on the
track. The width and depth of the track crater and dimensions of coating
delamination were measured by differentiated profilometer Micron-
alpha.

Determination of wear resistance by ball-section method was con-
ducted using an instrument ensuring contact impact of the rotating
ball of @ =23.8 mm on a flat sample; a crater of semi-spherical shape
formed on the coating. Crater diameter Deater. and depth Aerater. Were
measured with an interference profilometer Micron-alpha. Coating
was considered more wear-resistant at smaller crater diameter.

Testing of CN, coatings in blood plasma was performed in a face-
plate friction machine (Fig. 1) (according to ASTM F732-82) at the
V. Bakul Institute for Superhard Materials of the National Academy of
Sciences of Ukraine. Sample (J=21.5 mm, R,=54-69nm) with CN,
coating (Fig. 2) was pressed by force P to fixed chirulen counterbody,
that resulted in formation of a traction pair of IM125 titanium—
CN, + chirulen. The counterbody was a cylinder of J=52mm and
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Fig. 1. Scheme of testing in faceplate friction machine.

Fig. 2. IM125 titanium samples with CN. coating for tribological testing.

15 mm height, it is working surface roughness being R, =3 um. Speed
of sample sliding along the counterbody was equal to V=0.057 m/s,
contact pressure was 3.5 MPa. Form and depth of wear crater on the
counterbody surface and chirulen wear rate was determined by the pro-
filogram, recorded in VEI Kalibr instrument. During testing, the oscil-
logram of the torque change was also recorded, which was the base for
calculation of the change of friction coefficient fin time.

3. RESULTS AND DISCUSSION

Results of mechanical testing of samples with CN, coatings are shown
in Table1l and Table 2; there are depending of coatings mechanical
properties (hardness H, modulus of elasticity E*, normalized hardness
H/E", elastic deformation &) on sputtering parameters, substrate ma-
terials and conditions of ion bombardment. Analysis of the results
shows that:

a) the highest values of hardness H = 15-20 GPa, modulus of elasticity
E*=120-132 GPa, normalized hardness H/E*=0.130-0.152>0.12
were obtained on titanium substrates at p =0.35 Pa, Tsust-. = 130°C and
C =42-58% that is indicative of increased ductility and wear resistance
of the coating under friction (6CN,, 8CN, samples);

b) at increase of substrate temperature up to 350°C, coating hardness
isreduced two times;

¢) the highest values of hardness H =15 GPa, normalized hardness
H/E*=0.124, elastic deformation £=3.28% were obtained at ion
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TABLE 1. Mechanical properties of CN: coatings, deposited on AISI321 steel
and IM125 titanium substrates.

Sputtering parameters Mechanical properties
e | naterial [Pressure Sonoent Towses |l Gpal B0 | HIE® | geny %

p, Pa CNa, % °C ’ GPa ’
1CN. AISI321 0.35 58 130 10.1 96 0.105 3.21
2CN. AISI321 0.35 100 130 6.0 95 0.063 1.93
3CN. AISI321 0.35 24 130 4.8 95 0.051 1.6
4CN. AISI321 1.0 23 130 3.8 80 0.048 1.45
5CN. AISI321 1.0 61 130 1.5 74 0.02 0.64
6CN: IM125 0.35 58 130 15.6 120 0.130 4.027
7TCN, IM125 0.35 58 350 7.0 110 0.064 1.95
8CN: IM125 0.35 42 130 20.0 132 0.152 4.634

TABLE 2. Mechanical properties of CNx coatings, depending on the conditions
of ion bombardment (IM125 titanium substrates).

Conditions Mechanical properties
of ion bombardment prop
Sample | Sample — -
No. R.,nm | Bias volt- | Bias volt-
age, Uv.mi, | age, Uv.cn,, | H, GPa | E*, GPa| H/E* | &es, %
A% A%
9CN: 65 -1000 0 15 121 0.124 3.28
10CN, 160 -1400 -30 8.2 108 0.076 2.30
11CN= 120 -1400 -10 10 108 0.093 2.81
12CN= 145 -1400 -40 8.7 112 0.078 2.36
13CN, 50 -1000 -10 10.8 100 0.108 3.28
14CN. 50 -1000 -10 5.6 79 0.071 2.15

treatment of the coating (Uymi=-1000V and Uycn, =0), indicating a
greater proneness of CN, coating to stress relaxation (9CN, sample);

d) increasing of bias voltage at deposition of a titanium bond coat, in-
termediate TiCN layer and CN, layer (Uymi =—1400V, Uy.cn, = —30—40 V)
leads to lowering of all the parameters H, E*, H/E", ¢es.

The main parameter determining the quality of produced CN, coat-
ings is their wear resistance under dry friction. Therefore, dependences
of coating wear resistance on i) thickness of intermediate interlayer and
main layer and ii) its deposition conditions were assessed (Tables 3, 4).
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TABLE 3. Dependence of wear resistance of CN. coating on the thickness of
intermediate and main layers (titanium IM125 substrate).

Layer thickness .
Sample| Sample R, Wear resistance
No. nm O, |Ori-c-N, | Sonx, (Testing method ‘ball-on—disc’)
um | pm nm
Pind. = 2 N.

No CN: delaminations on the track.
18CN. 49+7 0.3 0.25 1.8 Pia=3.5N.

Spot CN. delaminations on 80% of

the track.

Pind. = 2 N.

No CN: delaminations on the track.
19CN. 87.5+22 0.3 0.25 3.6 Pina=3.5N.

Spot CN. delaminations on 20% of

the track.

Pind. = 2 N.
20CN: 57.5+17.5 0.3 0.13 1.8 Spot and dotted delaminations on

70% of the track.

TABLE 4. Dependence of wear resistance of CN. coating on the thickness of
intermediate and main layers (titanium IM125 substrate).

Sputtering parameters
Ti Ti—-C-N CN. Wear resistance
Sample T'subtr. ‘ (Testing method
No. |P*Fa oc’| py, Ur. v CN2s Plf/f " |CNz, [ Pc, |  ‘ball-on-disc’,
L e B il B B Pina.=3.5N)

n=2000; L,=94m
15CN, 0.35 200 184 -150 25.6 2.7 58 570 Spot delaminations
on 60% of the track
n=3000; L,=174 m
6CN, 0.35 130 184 -150 25.6 2.8 58 560 No crater, coating in
the track is rolled.
n=2500; L,=99m
16CN, 0.35 130 184 -300 - - 58 580 Spot delaminations
on 20% of the track
n=3000; L,=174 m
8CN, 0.35 130 184 -300 25.6 2.8 42 540 No crater, coating on
the track is rolled

n=2000; L,=95m
17CN. 0.35 350 180 -300 25.6 2.8 42 540 Spot delaminations
on 50% of the track
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Fig. 3. Profilogram of CN: coating on 6CN, sample and half-width of the track
obtained at testing by ball-on—disc method.

Analysis of the results given in Tables 3 and 4 shows the following.

a) At increase of the thickness of main CN, coating, its wear re-
sistance is increased (see comparison of tracks on samples 19CN, and
18CN. at Pina=3.5N).

b) At decrease of the thickness of TiCN intermediate layer from 0.25
to 0.13 um, coating wear resistance markedly decreases (see samples
18CN, and 20CN,). Therefore, the thickness of TiCN layer should be
equal to 0.25 pm.

c) Highest wear resistance of CN. coating was obtained at
p=0.35Pa, Tspwstr. =130°C, C=58% and 42% (on 6CN, and 8CN. sam-
ples no crater formed on the track at friction path length L,=145 m).

Figure 3 gives the profilogram of half of the track width on the coat-
ing of 6CN, sample, recorded using an interference profilometer Mi-
cron-alpha. Coating on the track is rolled; surface roughness on it is
four times lower, compared to the total coating roughness.

Dependence of CN, coating wear resistance on ion treatment condi-
tions was also studied (Table 5). Before producing coatings on samples
specified in Table 5, roughness of substrate surface was measured.
Coatings were formed at the following parameter values: p =0.35 Pa,
Tsubstr. = 13000, C = 42%.

Analysis of the data given in Table 5 leads to the following conclu-
sions.

1. Wear resistance of CN, coating depends on substrate surface
roughness and ion bombardment conditions: wear resistance decreases
with roughness reduction.

2. The most wear-resistant CN, coating was produced on the sample
with higher roughness. So, at coating testing on 11CN, sample
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TABLE 5. Dependence of wear resistance of a three-layer coating on the con-
ditions of ion treatment and roughness of substrate surface (titanium IM125
substrates).

Ion treatment

i Methods of wear resistance determination
conditions

‘Ball-section

>

Sample | Sample| Scn.,
NO. Ra’ nm nm Ub,Ti, Ub.CNx’

‘Ball-on—disc’, Pi,q.=3.5N

V V Tcrater. hcrater.
pm | pm
. . N
18CN, 49 1.8 -300 0 Spot delaminations on 80% of the 414 9

track

9CN.. 65 1.8 -1000 O Nodelaminations on the track 510 2.1
10CN. 160 2.0 -1400 -30 Nodelaminations on the track 400 1.9
11CN. 120 2.1 -1400 -10 Nodelaminations on the track 310 1.7

Spot and dotted delaminations on
50% of the track

Dotted delaminations and rub-
13CN, 50 2.2 -1000 -10 bing off the coating on 60% of the 560 2.7
track

12CN, 145 2.1 -1400 -40 414 2

(R.=120 nm), produced at Unmi=-1400V and Ucn,=—10V there are
no coating delamination’s on the track, and crater diameter is mini-
mum and equal to 310 um.

3. At optimum roughness (R, =65 nm), the highest wear resistance
of the coating is achieved at the following values of bias voltage:
Upri =-1000V and Upcn, =0V (9CN, sample, Fig. 4).

4. With increasing of bias voltage applied to the substrate at deposi-
tion of intermediate and main layers, internal stresses in the coating
become higher that leads to adhesion lowering. This is confirmed by
testing the coating, which was formed on 12CN, sample (R,= 140 nm)
at Upon,=—40 V.

Conducted tribological testing showed that higher wear resistance
of CN, coating is confirmed by high values of normalized hardness
H/E*=0.130>0.12, elastic deformation percent e, =4.027 and order-
liness of carbon in the amorphous structure (small ratio of intensities
of the Raman scattering bands In/Ic =1.20 relative units [14]).

Therefore, wear resistant CN, magnetron coating can be obtained at
the speed of 2.2 pm/hour on titanium IM125 and steel AISI321 sub-
strates, when fulfilling the following technological requirements:

a) maintaining sample heating temperature Tsustr. = 130-150°C during
the entire process of coating formation at p =0.35 Pa;
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Fig. 4. Profilogram of a crater obtained on CN: coating of 9CN, sample at test-
ing by ball-section method.

b) adhesion bond coat deposition Ti (6=0.3 ym): A=3.5 W/cm, C =0%,
Upri=-1000V att; =4 min., Upri=0Vatt2=10 min;

c¢) deposition of intermediate TiCN layer (6 =0.25pum): A=10 W/cm,
A=38.5 W/em?, Upcen, =0V, C=25.6%, t =10 min;

d) deposition of the main CN, layer (6=3 um): A=10 W/cm, C =58%,
Upen,.=0V.

Tribological testing of samples of IM125 alloy with CN, coating (in
friction pair with chirulen) in blood plasma showed that at the begin-
ning of friction path value of friction coefficient was equal to f=0.17—
0.29. On the friction path of 0.472-0.627 km, fiction coefficient de-
creased 2—3 times, reaching the value of f=0.079-0.09 and further on
it did not change as a result of formation of a stable tribolayer on the
coating, consisting of a large number of smooth pockets on the coating
surface, accommodating the blood plasma. Results of tribological test-
ing in blood plasma of CN, coating are shown in Table 6.

According to the functional characteristics of the friction pair, the
CN.-coating/chirulen significantly exceeds the Co-Cr—Mo/chirulen
pair traditionally used in the practice of endoprosthesis. The coeffi-

TABLE 6. Results of tribological testing in blood plasma of IM125 titanium
samples with CN. coating in friction pair with chirulen.

Sample No.| dcn,, um | Friction coefficient, f Intensity of chirulen wear,

mm?/km
6CN. 3.7 0.09 0.7
TCN: 2.6 0.079 0.65

8CNx 3.7 0.08 1.1
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cient of friction in it is lower in 1.3 times and the wear of chirulen is
3.3 times lower [15].

4. CONCLUSIONS

1. Mechanical properties of CN, coating (6 = 2-4 um) were studied. It is
found that the highest values of hardness H = 15-20 GPa, modulus of
elasticity E*=120-132 GPa, elastic deformation &.=4.03-4.6% and
normalized hardness H/E*=0.130-0.152 > 0.12 were obtained on tita-
nium substrates at p =0.35 Pa, Tswstr. = 130°C and nitrogen concentra-
tion in the mixture of gases C =42-58% that is indicative of increased
ductility and wear resistance of the coating under friction.

2. Tribological testing by ball-on—disc and ball-section methods under
dry friction showed that wear resistance of CN, coating depends on:
substrate surface roughness; values of parameters Tsustr., p, C, provid-
ing H/E*>0.12; thickness of intermediate TiCN layer; values of bias
voltages Uym and Upcn., applied at deposition of Ti bond coat, TiCN and
CN, layers.

3. Tribological testing of IM125 titanium samples with CN, coating in
a friction pair with ultra-high molecular weight polyethylene (chiru-
len) was conducted in blood plasma. It was determined that the friction
coefficient and wear intensity of chirulen are equal to 0.079 and
0.65 mm3/km. Obtained intensity of chirulen wear is the lowest, com-
pared to friction pairs, where titanium strengthened by other methods
were used, and is 3.3 times lower than in the widely applied
Co—Cr—Mo/chirulen pair.

4. Owing to high wear resistance and elasticity, CN, coating can be rec-
ommended for CN, deposition on interacting surfaces of items in the
medical and instrument-making industry.

The authors express their sincere gratitude to the staff of ISM of the
N.A.S. of Ukraine: S. Yu. Shein, Dr. of Sci. (Eng.) and I. Yu. Rostot-
skii, Dr. of Sci. (Eng.) for organization and performance of tribological
testing of IM125 titanium samples with carbon nitride coatings in
blood plasma.
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