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Abstract: The friction and wear properties of amorphous carbon nitride (a-CN,) coatings in water lubrication were
reviewed. The influences of mating materials and tribological variables such as normal load (W) and sliding speed
(V) on the friction and wear properties of the a-CN, coatings were analyzed. It was indicated that the specific wear
rate of the a-CN, coatings was related to the hydration reaction of mating materials with water. If the mating mate-
rials were easily hydrated, the specific wear rate of a-CN, coatings was low. The water-lubricated properties of the
a-CN, coatings were better in comparison to the a-C coatings. The a-CN, /Si-based non-oxide ceramics tribo-pairs
exhibited the lowest friction coefficient and wear rate. To describe their friction and wear properties at the normal
loads of 3—15 N and the sliding speeds of 0. 05—0.5 m/s, the wear-mechanism maps for the a-CN, /SiC (Si;N,)
tribo-pairs in water were developed.

Key words: amorphous carbon nitride (a-CN,) coatings; friction; wear; water lubrication

CLC number; TH117 Document code: A Article ID:1005-1120(2014)05-0463-15

1 Introduction disk apparatus'’, Si-based non-oxidation ceramic

water lubrication has already displayed the high

Oil-based lubrication systems have been potential for industrial applications such as jour-

widely used in the modern driving systems. How- nal bearings and mechanical face seals for water

ever, the leakage of oil from synthetic devices can
pollute the natural environments. To prevent this
pollution source, nature has produced water-
based lubrication systems through the process of
natural selection. However, water-based lubrica-
tion systems actually have some technical prob-
lems, including controllability, tribology, corro-
sion and reliability. Since a very low friction coef-
ficient (<C0. 002) was found in water lubricated

friction SiyN, sliding against itself with pin-on-

pumps. If the ceramic water-lubrication tribo-
pairs could be used to replace the metal oil-
lubrication system in modern machine designs,
the problems of environmental pollution and re-
source shortages will be greatly improved. As is
known, the friction coefficient lower than 0. 01
was obtained for self-mated Si-based non-oxida-
tion ceramics and the wear mechanism changed
from mechanically dominated wear to tribochemi-

cal wear thanks to smoothening the surface**.
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However, due to the longer running-in period for
SiC/SiC tribo-pairs in water and the easy occur-
rence of hydration reaction between SiC (SizN,)
and water, severe wear was easily observed for
the self-mated SiC(Si;N,) tribopair in water™*®!,
Moreover, the high cost and difficult fabrication
of engineering ceramics usually restrict their ap-
plications in industries. An alternative approach
is to take advantage of metallic materials that is
relatively inexpensive and easy to machine. The
required tribological properties of metal in water
could be improved via depositing hard coatings
with good lubricity in water environment.

Since Liu, et al. in 1989 predicted theoreti-
cally that the carbon nitride compound (B-C;N,)
might be harder than diamond™, many attempts
to obtain the carbon nitride films have already

d"?1, Nevertheless, until now.

been performe
nearly all CN, films grown at room temperature
are amorphous mixtures of carbon and carbon ni-
tride phases with z ranging from 0.1 to 0. 514,
Nitrogen incorporation in the carbon coatings de-
creases the fraction of sp® carbon bonds by the
formation of C—N, C=N and C=N bonds. Pre-
viously, the micro- and macro-tribological proper-
ties of the a-CN, coatings have been investigated
when the a-CN, coatings slid against SiC, Si; N, ,

(1531 Recently,

Al, O, and steel in various gases
the water-lubricated properties of the a-CN, coat-
ings have been concerned”?*, It is most impera-
tive to know the influence of mating balls and tri-
bological variables on the friction and wear prop-
erties of the amorphous carbon nitride (a-CN,)
coatings in water.

In this viewpoint, this paper introduces our
recent experimental results and overviews the po-

tential of CN, coatings for tribological usage in

water.

2 Coating Procedure and Structure
of CN, Coatings

The a-CN, and a-C coatings were deposited
on Si(100) wafers and SiC (SiyN,) disks using
ion beam assisted deposition (IBAD). The depo-

sition rate was 2 nm/s, which was controlled via

adjusting the emission current of carbon vapor.
The acceleration voltage of nitrogen ions was in
the range from 1.0 kV to 1.5 kV and the current
density of the nitrogen ion beam from 90 to 100
pA/cm’. The background pressure was lower
than 2. 0 X 107" Pa and the operating pressure
during coating was 7. 0 X 10"* Pa. Carbon vapor
was formed via heating a graphite target with an
electron beam evaporator. The coating thickness
was 0.5 pum. The surface roughness Ra of coat-
ings on the Si-based ceramics measured with sur-
face profilometer varied from 9 to 25 nm. As seen
in Fig. 1, the CN, coatings of 400 nm has an
amorphous structure and the interlayer between

coating and Si-wafer has a thickness of 5—10 nm.

Mixing layer

@ (®) ©

Fig. 1 Cross-sectional FE-TEM image of CN, coatings

on Si wafer

The auger electron spectra (AES) analysis of
two coatings was illustrated in Fig. 2. It was clear
that the Auger electron energy of carbon hybrided
with nitrogen in the a-CN, coating reduced. The
a-CN, coatings contained 12 at. % nitrogen. As
seen in Fig. 3, each Raman spectrum had a broad
and skew peak ranging from 1 200 ecm™! to 1 700

!, which was composed of the overlapped D-

cm

peak (centered round 1 300—1 450 cm ™ ') and the
G-peak (centered round 1 550—1 580 ecm ™ '). The
curves-fitted Raman data (Table 1) displayed that
the G-peak shifted to higher frequencies while the
D-peak shifted to lower frequencies after nitrogen

ion bombardment. Furthermore, the intensity ra-

Table 1 D- and G-peak frequencies and their intensity

ratio-"!
Coating wp/cm” ! we/cm ! In/I
a-C 1375 1 560 1. 07
a-CN, 1 350 1575 1. 11
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tio between D-band and G-band (I,/I;) increased
from 1. 07 to 1. 11. This indicated that the sp’
fraction increased after the nitrogen atoms were
incorporated into the a-C coatings™*!.
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L
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—— a-CN, coating
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Fig.2 AES of a-C and a-CN, coatings"*"
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Fig.3 Raman spectra of a-C and a-CN, coatings'*"

In order to know the chemical bonding con-
figurations of nitrogen doped into the carbon net-
work, the individual Cls and N1s lines were de-
convoluted into Gaussian line shapes (Fig. 4). As
seen in Fig. 4, the Cls line was deconvoluted into
three peaks at binding energies of 285. 1, 286. 5
and 288 eV, and the Nls line was deconvoluted
into four peaks at binding energies of 398. 5,
400.3, 401.5 and 404 eV. Scharf, et al."**! re-
ported that, for the a-CN, ,, coatings, the peaks
at binding energies of 284. 5, 285. 2, 286. 5 and
288.6 eV for the deconvoluted Cls spectra were
attributed to C=C, C=N, C—N, and C—0O
bonds, respectively, while the peaks at 398. 6,
400. 1 and 402. 3 eV for the Nls line were as-

signed to C—N, C=N and N-—O bonds, respec-
tively. In comparison to the above-mentioned
bonds™*!, the peaks at 285. 1, 286.5 and 288 eV
in Fig. 4(a) were assigned to C=N/C=C, C—N,
and C—O bonds, respectively, while the peaks at
398.5, 400. 3, 401. 5 and 404 eV in Fig. 4 (b)
were marked as C—N, C=N and N—O bonds,
respectively. The appearance of C—0O and N—O
bonds displayed the coatings’ surface contamina-
ted by oxygen from air. It was concluded that the
sp® C—N and sp? C=N/C = C bonds were the

major component in the a-CN, coatings.
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(a) XPS spectra of Cls photoelectron peaks

z

;|
=)
&
2

g
=

410 408 406 404 402 400 398 396 394 392
Binding energy / eV
(b) XPS spectra of N1s photoelectron peaks
Fig. 4 XPS spectra of Cls photoelectron peaks and

N1s photoelectron peaks for a-CNj coatings!'®’

In Table 2, the arithmetic mean roughness
Ra and the maximum roughness Ra,,, of the a-
CN, coatings was a little lower than those of the
a-C coatings. This indicated that the energetic
particle bombardment enhanced the mobility of
carbon atoms on the growing surface and induced

the smooth surface. Fig. 5 displayed the nano-
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indentation load vs. indentation displacement
curves for two carbon coatings. The maximum
indentation depth of the a-C coatings was less
than that of the a-CN, coatings at the same load.
Based on the standard Oliver and Pharr
approach™™), the elastic modulus (E) and hard-
ness (H) for the a-C and the a-CN, coatings were
calculated from Fig. 5 and listed in Table 2. This
pointed out that the hardness and Young's modu-
lus of the a-C coatings were higher than those of
the a-CN, coatings, while the ratio of hardness
and elastic modulus (H/E) for the a-C coatings
was less than that of the a-CN, coatings. This
implied that the a-C coatings were hard and stiff,
while the a-CN, coatings offered a combination of
reasonably high hardness and reduced stiffness
with a remarkable elastic recovery. Leyland, et
al™* . reported that a high ratio of H/E was in-
dicative of good wear resistance in a disparate
range of materials. It is clear from Tables 1,2
that the nitrogen incorporation in carbon
increased the sp? carbon bonds’ fraction so that
the tribological property of the films was im-
proved (low friction coefficient and better dura-
bility).

Table 2 Surface roughness and mechanical properties of a-C

and a-CN, coatings™>"

Name Ra /pm R,./pm H/GPa E/GPa H/E

a-C 0.011 0.025 34+£3 440£15 0.08
a-CN,  0.009 0.018 29+2 330420 0.09
1200

—m— a-C coating
1000} —5—a-CN, coating
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Fig. 5 Nano-indentation load vs. indentation displace-

ment curves for a-C and a-CN, coatings®"

3 Influence of Mating Balls on Tri-

bological Properties of a-CN,

Coatings in Water

Fig. 6 (a) displays the [riction behaviors of
the a-CN, coatings sliding against five kinds of
mating balls in water. When the sliding cycles in-
creased, the friction coefficient for the AL, O/
a-CN, tribo-couples first increased to a maximum
value of 0. 11, and then decreased to 0. 10. Final-
ly it varied in the range of 0. 087 to 0. 11. For the
Si-based ceramics/a-CN, tribopair, the friction
coefficients decreased abruptly with an increase in
sliding cycles. The friction coefficients of the
Siz N, /a-CN, tribo-couples reached a stable value
of 0. 011 after the amount of sliding cycles was
beyond 20 000, while those for the SiC/a-CN, tri-
bo-pairs reached a minimum value of 0. 01 at
10 000 cycles, and then varied in the range of
0.013 to 0. 02. When the sliding cycles exceeded
65 000 cycles, the friction coefficients of the
Si; N, /a-CN, tribopairs were lower than those of
the SiC/a-CN, tribopairs. For the steel balls/
a-CN, tribopairs, the obvious difference was that
the running-in period of the SUS440C/a-CN, tri-
bo-couples was 500 cycles, while that of the SUJ2
ball/a-CN, tribo-systems was 55 000 cycles. Af-
ter running-in, the stable friction coefficient of
the SUJ2/a-CN, tribo-pair was around 0. 072,
slightly less than that of the SUS440C/a-CN, tri-
bopairs (0. 075). The mean steady-state friction
coefficients for five kinds of tribopairs are shown
in Fig. 6(b). As the a-CN, coatings slid against
ceramic balls, the Al,O;/a-CNj tribopairs had the
highest mean stable friction coefficient of 0. 10,
while the a-CN, /SiC(Si;N,) tribo-couples had the
lowest mean stable friction coefficient. For the
steel balls/a-CN, tribopairs, the mean friction co-
efficient of the SUS440C/a-CN, tribopairs was
0.075, slightly higher than that of the SUJ2/
a-CN, tribo-pair (0.072).

The specific wear rates of the a-CN, coatings
after sliding against ceramic balls and steel balls
in water are illustrated in Fig. 7(a). Among three

kinds of ceramic ball’s tribo-pairs, the specific
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Fig. 6 Friction behaviors of a-CN, coatings sliding a-
gainst different mating balls at 5 N and 160

mm/s in water

wear rate of the a-CN, coatings was the highest as
sliding against Al, O, ball. However, when sili-
con nitride was mating ball, the specific wear rate
of the a-CN, coatings was the lowest. For the tri-
bo-systems with steel balls, the specific wear rate
of the a-CN, coatings sliding against SUS440C
ball was twice higher than that against SUJ2 ball.
Fig. 7 (b) illustrates the specific wear rates of
mating balls. For ceramic balls, Al,O; ball had
the lowest wear rate, while Si;N, ball had the
highest one. The specific wear rate of SiC ball
was slightly higher than that of Al, O, ball, but
four times lower than that of Si;N, ball. For steel
balls, the specific wear rate of SUJ2 ball was 20
times higher than that of SUS440C. When

6
10 [ Against Si,N, ball @M Against SUJ2 ball
I~ Against ALO, ball Z==3 Against SUS440C ball
£ Against SiC ball
§ Normal load=5 N,
7 ~ 107 | Sliding speed=
Qg 160 mm /s
S In water,
S T Ln3°
s z 7=23°C
g .
Q
h=!
3
o
7
10°
a-CN, coating
(a) Specific wear rates of a-CN, coatings
-6
N Normal load=5 N, SUJ2

Sliding speed=160 mm / s
In water, 7=23°C
107 1

SUS440C
Si,N,

SiC

Specific wear rate of ball /
(mm’ * N e m™")

ALO,

107
Mating ball

(b) Specific wear rates of mating balls

Fig. 7 Specific wear rates of a-CN, coatings and mat-

ing ballst"

Al, O, , SiC and SUS440C balls were used as mat-
ing materials, the specific wear rate of the a-CN,
coatings was higher than that of their mating
ball. On the contrary, as Si;N, and SUJ2 balls
were used as mating materials, the specific wear
rate of the a-CN, coatings was less than that of
their mating ball, which indicated that the wear
rate of the a-CN, coatings was mainly governed
by the chemical properties of mating balls. When
the ball materials had an excellent anti-oxidation
ability, the main wear occurred in the a-CN, coat-
ings. For easily oxidative materials such as
SUJ2, the main oxidative wear occurred in SUJ2
ball.

To know which tribopair possesses the excel-
lent tribological properties, Figs. 6 (b), 7 were
rearranged as Fig. 8. It is clear that the tribopairs
of the a-CN, /SiC(Si;N,) tribopairs have the low

friction coefficient and low wear rate. In the
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viewpoint of tribology, the a-CN,/SiC (Si;N,)

tribopairs are useful in water.

: [ -
The best tribopairs
in water

Mean stable friction

Fig. 8 Influence of mating balls on the tribological

properties of a-CN, coatings in water

4  Comparison of Tribology of a-
CN,/SiC and SiC/SiC Tribopairs
in Water

Fig. 9(a) shows the friction coefficient varia-
tion for two kinds of tribopairs with sliding cycles
in water at various normal loads. At the normal
loads of 3—10 N, the friction coefficient of
SiC/SiC tribopairs gradually decreased from high-
er initial value (0. 325) to steady-state values
(0.010—0. 058). But for the a-CN,/SiC tribo-
pairs, their friction coefficient decreased rapidly
from 0.107 to steady-state values (0.02—
0.051). Fig. 9(b) exhibits the influence of nor-
mal load on the mean steady-state friction coeffi-
cients after running-in in water. When the normal
load increased, the mean steady-state friction co-
efficient of SiC/SiC system first decreased, reac-
hing a minimum value at 7 N, then increased.
For the a-CN, /SiC tribopairs, their mean steady-
state friction coefficient decreased a little, and
then increased gradually as the normal load excee-
ded 5 N. When the normal load was lower than
5 N or equal to 10 N, the mean steady-state fric-
tion coefficients of the SiC/SiC tribopairs were
higher than those of the a-CN,/SiC tribopair, but
became lower at 7 N.

The variation of the specific wear rates for
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030k In distilled water, 7=23 °C
' SiC/ SiC a-CN, / SiC
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(a) Friction behaviors of two tribopairs
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Q
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=
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(b) Mean steady-state friction coefficient

Fig. 9 Friction behaviors of a-CN,/SiC and SiC/SiC

tribopairs at various normal loads!**)

tribomaterials with normal loads are illustrated in
Fig. 10. For the a-CN,/SiC tribopairs, the specif-
ic wear rates of SiC ball and the a-CN, coatings
increased linearly with the normal load. Howev-
er, for the SiC/SiC tribopairs, the transition load
(7 N) was observed. When the normal loads were
lower than 7 N, the specific wear rates for SiC
ball and SiC disk decreased, generally linear with
the normal load. If the normal load exceeded
7 N, they obviously increased. It is very interest-
ing that the wear resistance of the SiC ball against
the a-CN, coating was enhanced by a factor up to
100—1 000 in comparison to that against SiC disk
in water., The lower wear rate of the SiC ball as
sliding against the a-CN, coatings in water will
open up some new interesting field of application.
For example, the a-CN,/SiC tribopairs could be
used in seals, sliding bearings for surface protec-

tion in water pump or biotechnology.
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Fig. 10 Variation of specific wear rates with normal

loads for a-CN, /SiC and SiC/SiC tribopairs in

water!®

5 Friction and Wear Properties of
a-CN, /Si;N, Tribopairs in Water

The friction behaviors of the a-CN, coatings
as sliding against Si;N, balls at various normal
loads in water are illustrated in Fig. 11 (a). In
general, the friction coefficient decreased during
the early stage of the test and then approached a
steady-state value. At a lower normal load of 1.5
N, the initial friction coefficient of the a-CN,/
Si; N, tribopair was 0. 25, but when the normal
load was higher than 2. 5 N, the initial friction
coefficient of the a-CN,/Si;N, tribopair varied in
the range from 0. 10 to 0. 13. As seen in
Fig.11(a), the running-in period of the a-CN,/
Siz N, tribopair varied with the normal load at a
sliding velocity of 0. 16 m/s. The running-in peri-
od was 12 500 cycles at 1.5 N, 13 000 cycles at
2.5 N, 9 020 cycles at 3.5 N and 12 500 cycles at
5 N, respectively. After running-in, the friction
coefficient fluctuated in the range of 0. 002 to
0.02. Fig. 3(b) shows the influence of normal
load on the mean steady-state friction coefficients
after running-in for the a-CN,/Si; N, tribopairs in
water. It is clear that the mean steady-state fric-
tion coefficient varied around 0. 02 or so when the
normal load was lower than 3.5 N. At the high-
est normal load of 5 N, the mean steady-state
friction coefficient decreased abruptly from 0. 018

to 0.007. The above friction behaviors indicate

0.35 5
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0.30} Disk: a-CN; coated Si;N, —=—15N
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——35N
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(a) Friction coefficient with sliding cycles
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3
=
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Fig. 11  Friction behaviors of a-CN, /Si;N, tribopairs

at various normal loads'®’

that the a-CN,/Si;N, tribopairs have excellent
frictional characteristics in water lubrication.

In order to know the influence of the a-CN,
coatings on the specific wear rates of Si;N, ceram-
ics in water, the wear behavior of the a-CN,/
Si; N, tribopairs was compared with that of self-
mated Si;N, ceramics. The experimental results
are illustrated in Fig. 12. It was clear that the
specific wear rates of all tribo-materials decreased
gradually when the normal load increased from
1.5 N to 5 N. For the a-CN,/Si; N, tribopair, the
specific wear rate of the a-CN, coatings varied in
the range of 3.89X10"®* mm’/(N « m) to 7. 89X
107* mm®/(N « m), a little higher than that of
the Si; N, balls. Moreover, the specific wear rates
of the a-CN, coatings and the Si; N, balls all were
at the lowest level of 10 ® mm?®/(N » m). But for
the self-mated Si; N, tribopairs, the specific wear

rates of the Si;N, balls fluctuated in the range of
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1.28X10 °* mm?®/(N » m) to 2. 79 X10 °* mm?/
(N * m), and was approximately twice as high as
that of the Si;N, disk, whose specific wear rate
varied in the range of 6. 18 X 10" mm?®/(N « m)
t0 9.64X 107" mm?®/(N « m). Furthermore, the
specific wear rates of the Si;N, balls as sliding a-
gainst the a-CN, coating reduced by a factor up to
35 compared to those against Si; N, in water. This
indicates that the a-CN, coatings can enhance the

wear resistance of silicon nitride ceramics in wa-

ter.
10" : ; - X :
P Si,N, / Si,N, pair a-CN, / Si;N, pair
g In distilled water —#—Si;N, disk —e—a-CN, coating
R | xR —o—Si,N, ball —o—Si,N, ball
% Sliding speed=0.16 m / s
3 10
8
5
2 ;
® 107F
b=l
= %
o
» -8
10 1 1 1 1
1 2 3 4 5
Normal load /N
Fig. 12 Variation of specific wear rate with normal

loads for a-CN,/ Si;N, tribopairs in

water

6 Water-Lubricated Mechanism and
Wear Mechanism Map of a-CN,/
SiC(Si3;N,) Tribo pairs

Fig. 13 shows the relationship between fric-
tion coefficient and Sommerfeld number yN/P (P
is mean contact pressure, N is rotating velocity,
7 is viscosity of lubricant)™*. Tt is clear that
there existed a critical sommerfeld number for the
a-CN,/SiC tribo-couple. With an increase in Som-
merfeld number, the friction coefficient for the a-

CN,/SiC

0.012 or so, and then increased to a constant val-

tribo-couple decreased gradually to
ue. This pointed out that the water-lubricated
mechanism changed from boundary lubrication
(BL) to mix lubrication (ML), then changed
from ML to hydrodynamic lubrication ( HL).
However, for the a-CN,/Si; N, tribopairs, when a
Sommerfeld number was lower than the critical

value, the friction coefficient increased abruptly
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Fig. 13  Stribeck curves of a-CN,/SiCF"! and a-CN,/

Si; N, B9 tribopair in water after running-in

to 0. 093 when the Sommerfeld number de-
creased. When the Sommerfeld number was high-
er than the critical value, the friction coefficient
decreased gradually with an increase in Sommer-
feld number, which indicated that the lubrication
mechanism changed from ML to BL as the Som-
merfeld number decreased. In fact, the depend-
ence relationship between friction coefficient and
Sommerfeld number was related to the lubrication
film between tribopairs after running-in in water.
At higher normal load of 15 N and lower sliding
speed of 0. 05 m/s, the water lubrication film
broke down and the solid-to-solid contact existed,
so the friction coefficient increased abruptly and
the lubrication mechanism changed into BL. With
an increase in sliding speed or decrease in normal
load, the water lubrication film would exist at the
contact interface, therefore, the f[riction coeffi-
cient decreased rapidly and the water-lubricated

mechanism would change from BL to ML or HL.
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Fig. 14 shows the wear-mechanism map of
the a-CN, coatings sliding against SiC and Siy; N,
ball in water, respectively™*J Tt is clear that
the normal load (W) v, s. sliding velocity (V) di-
agram for the a-CN,/SiC tribopairs was divided
into five regions, while that for the a-CN,/Si; N,
tribopairs was divided into four regions. When
the experimental conditions were located at the
first area (I), as shown in Fig. 14, the friction
coefficients of the a-CN,/Si; N, tribopairs fluctua-
ted in the range of 0. 05—0. 072, while those of
the a-CN,/Si; N, tribo-couple varied in the range
of 0.032—0.093. The wear rates of coatings and
balls in the a-CN,/SiC tribopairs varied in the
range of 7. 4 X 10 ®—11. 0 X 10"* and 5. 6 X
107°—7.0X10"? mm®*/(N « m), but those in the
a-CN,/Si; N, tribopairs fluctuated in the range of
6.5X10°*—18.9X10"% and 2. 2 X 10 %—9, 2 X
10 ®*mm?®/(N « m), respectively. In addition, the
worn surfaces on balls and coatings were covered
with many deeper scratch lines parallel to the
sliding direction. Furthermore, the a-CN, coat-
ings were partially delaminated. This indicated
that the wear mechanism at the first region (1)
was mechanical wear (MW). As the normal load
and the sliding velocity all were lower as located
in the second region (II), as seen in Fig. 14(a),
the friction coefficient and the wear rates of the
a-CN, coating and SiC balls also exhibited the
higher values identical to the experimental data in
But for the a-CN,/Si;N,
tribopairs (Fig. 14 (b)), when the experimental

the first area (1).

parameters were located in the second area (II),
the friction coefficient of the a-CN,/Si; N, tribo-
couple ranged from 0.014 to 0. 049, and the spe-
cific wear rates of the a-CN, coating and Si; N,
ball fluctuated in the range of 3. 0X10 *—20. 4 X
10°* mm?/(N ¢« m) and 1. 4 X 10 *—2. 8 X
10 *mm?®/(N * m), respectively. The worn sur-
faces on the ball and the a-CN, coatings displayed
the smoothness and flatness except for some dee-
per scratches. This pointed out that the wear
mechanism in the second area (II) was MW with

partial tribochemical wear (MW +PTW). If the
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(a) Wear-mechanism map of a-CN, / SiC
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Fig. 14 Wear-mechanism map of a-CN, coatings slid-
ing against SiC(a)® and Si; N, (b)' 397 balls

in water

experimental parameters were located in the third
zone (II1), the friction coefficient of the a-CN,/
SiC tribopairs varied in the range of 0. 03—0. 045
and the specific wear rates of the a-CN, coatings
and SiC balls fluctuated in the range of 2. 7 X
10 8—11.0 X 10 ® mm*/(N « m) and 3. 3 X
1077—9.5X 10" mm?®/(N « m), and the worn
surface became smooth and was covered with
some deep scratches. In the third zone, the nor-
mal load and the sliding speed just increased
slightly, so the extent of tribochemical reaction
between tribomaterials and water was not seri-
ous. Thus, the wear mechanism was mix wear
(partial mechanical wear (PMW) and partial tri-
bochemical wear (PTW)) (Fig. 14(a)). Howev-
er, for the a-CN,/Si; N, tribopairs, when the ex-
perimental parameters were located in the third

area (III), the friction coefficient varied in the
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range of 0, 004—0. 029 and the specific wear rate
of the a-CN, coatings and Si; N, balls fluctuated in
the range of 3. 2 X 107%*—9. 0 X 107* mm?®/
(Nem) and 1. 4 X 107%—3, 5 X 107® mm®/
(N * m). The worn surfaces of Si;N, ball and the
a-CN, coating had become smooth and were cov-
ered with shallow scratches. This indicated that a
tribochemical reaction had occurred. Thus, the
wear mechanism in here was tribochemical wear
with slight partial mechanical wear (TW+PMW)
(Fig. 14(b)). For the a-CN,/SiC tribo-couple, as
the experimental parameters was in the fourth ar-
ea (IV), the friction coefficient changed in the
range of 0. 02—0. 04, and the specific wear rates
of the a-CN, coatings and SiC balls fluctuated in
the range of 2. 0 X 107 *—5. 4 X 107* mm?’/
(Nem) and 1. 5 X 107°—3, 3 X 107 mm?®/
(N« m). In this case, the smooth and flat worn
surfaces with shallow scratches were observed.
This indicated that the wear mechanism was tri-
bochemical wear with a little partial mechanical
wear (TW + PMW). If the sliding wear tests
were done at the highest normal load and sliding
velocity (Zone V), the lowest friction coefficient
of 0. 009 was obtained at 9—12 N and 0.5 m/s.
In the fifth area (V), the friction coefficient was
lower than 0. 02, and the specific wear rates less
than 3.4X10"® mm?®/(N + m) for the a-CN, coat-
ings and 3. 0 X 10 ? mm®/(N « m) for SiC ball
were acquired, and the smooth and flat worn sur-
faces were observed. Thus, the wear mechanism
in the fifth zone was tribochemical wear (TW)
(Fig. 14(a)). But for the a-CN, /Si; N, tribopairs.,
if the sliding wear tests were performed at the
highest sliding velocity (IV), the friction coeffi-
cients less than 0. 01 as well as the specific wear
rates lower than 6.6X10 ¢ mm®/(N « m) for the
a-CN, coatings and 3. 0X10"®* mm®’/(N + m) for
Si;N, balls were obtained. Besides, smooth and
flat worn surfaces were also observed. This made
clear that the tribochemical reaction occurred eas-
ily, and the SiO, « xH,O gels acted as a lubrica-

tion film, which was beneficial to providing super

lubricity to the self-mated Si;N, tribopairs in wa-

ter'”. Thus. the wear mechanism was TW in the

fourth zone (Fig. 14(b)).

7 Comparison of Tribological Prop-
erty of a-C and a-CN, Coatings
Against SiC Balls in Water

Fig. 15(a) shows the variation of friction co-
efficients for two tribo-pairs in water at 0. 16 m/s
with various normal loads and sliding cycles. The
initial friction coefficient of the a-C/SiC tribopairs
was 0. 13, higher than that of the a-CN, /SiC tri-
bopairs (0.11). For the a-C/SiC tribopairs, at a
normal load of 3 N, the friction coefficient first
decreased suddenly from a higher initial value
(0.13) to 0. 05, and then fluctuated around 0. 06
with a little variation. But after 60 000 cycles,
the friction coefficient increased slightly from
0.06 to 0. 07. As the normal load became 5 N,
the friction coefficient reduced initially from 0. 13
to 0. 05 within 30 000 cycles, and then varied in
the range of 0. 05 to 0. 06 with further sliding. At
a normal load higher than 7 N, the friction coeffi-
cient first decreased abruptly from 0. 13 to 0. 03
at the initial sliding period of 14 000 cycles. With
further sliding, the friction coefficient varied
around 0. 03 or so at 7 N, but it increased gradu-
ally from 0. 03 to 0. 05 at 10 N. For the a-CN,/
SiC tribopairs, the friction coefficient decreased
initially from 0. 11 to 0. 03 within 20 000 cycles,
and then varied in the range of 0. 02 to 0. 03 with
further sliding at 3 N. As the normal load was
higher than 3 N and lower than 10 N, the friction
coefficient decreased markedly from 0. 11 to
0.02, and then fluctuated around 0. 02 with a lit-
tle change. If the normal load increased to 10 N,
the friction coefficient reduced from 0. 11 to 0. 05
within 10 000 cycles. After 10 000 cycles, the
friction coefficient varied around 0. 05 or so with
an increase in sliding cycles.

Fig. 15(b) shows the variation of the specific
wear rates with the normal load for the SiC balls

and the a-C as well as the a-CN, coatings. In gen-
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Fig. 15 Friction and wear properties of a-C and a-CN,

coatings against SiC balls in water™"

eral, the specific wear rates of coating and ball in
the a-C/SiC tribo-couple were all higher than
those of the a-CN,/SiC tribo-couple, and the
wear rates of SiC balls were approximately ten
times lower than those of coatings. For the
a-CN,/SiC tribopairs, with an increase in normal
load, the specific wear rates first decreased from
1.61X10* mm®/(N +« m) to 1. 05X 10 % mm®/
(N « m) for the a-CN, coatings, and from 1. 36 X
107 mm®/(N +«m) to 1.05X10"? mm?*®/(N » m)
for the SiC balls, respectively. As the normal
load was higher than 5 N, the specific wear rates
all increased obviously from 1. 05X 10™% mm?/
(Nem)to2.7X10°* mm?/(N « m) for the a-
CN, coatings, and from 1. 05 X 1077 mm?®/
(N +m) to3.13X10? mm?®/(N « m) for the SiC
balls. This indicated that the transition load (W,

above which the specific wear rate increased ap-
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Fig. 16  Influence of ethylene glycol concentration on
the friction coefficient and specific wear rates
for a-CN,/SiC tribopairs in aqueous solu-

tions 1]

parently with a further increase in normal load)
of 5 N was observed for the a-CN,/SiC tribopair.
But for the a-C/SiC tribopairs, the specific wear
rate of the a-C coatings first decreased slightly
from 1. 89 X 10 ®* mm?®/(N * m) to 1.65 X 10 ®
mm’/(N « m) as the normal load increased from
3 N to 5 N. When the normal load was higher
than 5 N, the a-C coatings’ wear rates increased
markedly from 1. 65 X 10°°* mm®/(N « m) to
4.79%10 * mm®/(N « m). The SiC ball's wear
rate first decreased gradually from 2. 36 X 10’
mm®/(N + m) to 1. 77X 107 mm®*/(N *« m) as

the normal load increased from 3 N to 7 N, how-
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ever, at 10 N, the specific wear rate of SiC ball
increased abruptly to 3. 68X 10" mm?®/(N * m).
In Fig. 15(b), the a-C/SiC tribopair did not show
an obvious transition load, but displayed the
highest wear rates at 10 N. It is obvious from
Fig. 15 that the water-lubricated properties of the

a-CN, coatings were better than the a-C coatings.

8 Influence of Ethylene Glycol Con-
centration on Tribological Behav-
iors of a-CN, /SiC Tribopair

In Fig. 16 (a), the mean steady-state coeffi-
cient of friction first decreased from 0. 033 to
0.019 at 10 vol. %, and then fluctuated slightly
in the range of 0. 030—0. 035 with an increase in
the ethylene glycol concentration. Actually,
when the ethylene glycol concentration increased,
the surface tension of the ethylene glycol solu-
tions decreased, while their viscosity increased. It
was concluded that the thickness of lubrication
film varied with the ethylene glycol concentra-
tion, which induced the variation of coefficient of
friction. Fig. 16 (b) shows the variation of the
specific wear rates of the a-CN,/SiC tribopair
with different ethylene glycol concentrations.
When the ethylene glycol concentration in-
creased, the wear rates of SiC ball decreased from
11.2X10 * mm®/(N * m) to 5. 9X10 ' mm®/
(N« m), whereas the specific wear rates of the
a-CN, coatings first decreased from 7. 8§ X 10°¢
mm’/(N ¢ m) to 3.3X10 *mm®/(N « m) as the
ethylene glycol concentration was lower than 20
vol. %, and then fluctuated in the range of 3.3 X
1078—5.7 X 10 * mm®/(N » m). This indicated
that ethylene glycol had more influences on the

coefficient of friction and wear rate of the a-CN, /

SiC tribopairs in aqueous solutions.

9 Discussion

As is known, the lower friction coefficients
were obtained for SiC/SiC, Si;N,/Si;N, and
a-CN,/SiC(Si;N,) tribocouples, but the specific

wear rates of tribomaterials in the a-CN,/SiC
(Si;N,) tribocouples were all lower than those of
tribomaterials in the SiC/SiC and Si; N, /Si; N, tri-
bocouples. For the a-CN,/SiC(Si;N,) tribo-cou-
ples in water, the wear rate of SiC ceramic ball
was lower than that of Si;N, ceramic ball™**",
which indicated that the hydration reaction of
Si; N, in water occurred easily. Thermodynamic
calculations of the phase equilibrium within the
interface showed that water did not react with SiC
or Si; N, in the presence of oxygen. Since the wa-
ter was saturated with oxygen and oxygen was
therefore presented in the tribocontact, the fol-
lowing Egs. (1,2) most likely took place. AGP™ is
the Gibbs free energy of formation at 298 K
SiC+20,—>Si0, +CO,

AG#® =—589 kJ/mol (D
Si; N, +30,—>3Si0, +2N,
AGHF®*=—1 779.4 kJ/mol (2)

From Eqgs. (1,2), it is clear that the forma-
tion of SiO, film which evolved from Si;N, was
expected to be more rapid than SiC tribopairs.
The oxides could be hydrated by association with
an undetermined amount of water molecules to
form SiO, « xH, O gels. Such films have been de-
scribed specifically in the wear experiments of
SiC/SiC and Si; N, /Si; N, tribo-couples running in
moist air®. For SiO,, a subsequent dissolution
reaction in the tribo-contact would also be expec-
ted to occur
Si0, +2H,O—>Si(OH), AG"*=—237 kJ/mol

(®))

If the hydration reaction between Si;N, or
SiC ceramic and water occurred directly, we could
calculate from Eqs. (4,5) that silicon nitride was

more easily hydrated than silicon carbide

SiC+4H,0 — Si(OH), + CH,

AGH® =—598.91 kJ/mol 4)
Si;N, +12H,0 — 3Si(OH), +4NH,
AGH® =—1 268.72 kJ/mol (5)

This might be attributed to more wear loss on
Si; N, than SiC. Ref. [ 3] proposed that, when a

very low friction coefficient was obtained for self-
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mated Si;N, tribopairs, there mainly existed
SiC(OH), gels and water film between pin and
disk, while for self-mated SiC tribopairs, there
existed a SiO, film and water film between the
two contacting surfaces. Thus, we could con-
clude that, after the water lubrication film broke
down and the Si(OH), gels were removed, solid-
to-solid contact for the a-CN,/Si; N, tribopair was
established. Hence, the friction coefficient in-
creased abruptly and the lubrication mechanism
changed from ML into BL. However, for the a-
CN,/SiC tribocouples, the SiO, film acted as a
"lubricant” on the worn surface to prevent direct
contact of bulk materials, so HL changed into
ML and then gradually changed into BL.
Generally, the friction behavior at contact
surface was largely governed by the physical con-
dition of the contacting interface and the chemical
interactions between the sliding interfaces and the
environment. When two dissimilar materials
rubbed against each other, the softer materials
wore more than the harder, which acquired a lay-
er of transferred softer materials. It is clear that
the a-CN, coatings offered higher values of H/E
and a combination of reasonably high hardness
and suitable stiffness. Hence they possessed ex-
cellent tribological properties. But here, the spe-
cific wear rates of the a-CN, coatings were higher
than those of the softer SiC (Si;N,) ball in all
conditions. This was related to the transfer of a
tribo-layer from coating to the ball"""!. Observa-
tion of wear scars on the a-CN, coatings showed
that the wear surface became smooth and flat be-
sides some original voids. It indicates that friction
transformed the surface layer of coatings and gave
it lower shear strength, which was responsible
for low friction and the transfer of material.
When Tanaka, et al. " studied the friction and
wear properties of the diamond-like carbon
(DLC) coatings in water, they indicated that the
structure of transferred materials was very differ-
ent from that of the original DLC film and similar

to that of polymer-like carbon, which is softer in

comparison to DLC film. The amount of trans-
ferred material with the polymer-like structure
was higher in water than in air. However, for the
a-CN, coatings, they were hydrophilic, and the
physisorption of water seemed to have a hydro-
gen-bonded mechanism, by formation of hydro-
gen bonds between water molecules and nitrogen

atomsH®

. It pointed out that nitrogen atoms re-
moved easily from the a-CN, coating. Ref. [ 38]
has indicated that the nitrogen concentration for
the a-CN, coatings on the worn surface decreased
and there were many sp?’C=N bonds on the worn
surface. Hellgren, et al. " have reported that if
operated in the presence of oxygen or hydrogen,
those elements would react with a-CN, film and
promote decomposition. This indicates that the
decomposition of the a-CN,coatings occurred dur-
ing sliding in water. After nitrogen atoms re-
moved from the a-CN; coatings, the sp’-bonding-
rich structure surface with lower shear strength
was formed on the worn surface of the a-CN,
films and carbon bonds could be terminated with
OH™ in water, which was also responsible for
low friction for the a-CN,/SiC (Si;N, ) tribocou-
ple, and low wear rate of the SiC(Si;N,) ball in

water.

10 Conclusions

The fundamental tribological properties of
the a-CN, coatings investigated in the past are re-
viewed and summarized as follows:

(1) The a-CN, coatings contained 12 at. %
nitrogen and the major chemical bonding of
sp’C=N and sp’C—N. The nano-hardness of the
a-CN, coatings was 29 GPa.

(2) The a-CN,/SiC (Si;N,) tribopairs pos-
sessed the excellent tribological properties in wa-
ter lubrication, the friction coefficient of the a-
CN,/SiC(Si;N,) tribo-pair was lower than 0. 05
and the specific wear rates of the a-CN, coatings
and balls all were at a lowest level of 10™% and
107" mm®/(N * m).

(3) The wear-mechanism maps for the
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a-CN, /SiC(Si;N,) tribopairs in water were devel-
oped at the normal loads of 3—15 N and the slid-
ing speeds of 0. 05—0.5 m/s.

(4) At a normal load of 3—10 N, the friction
coefficients of a-C/SiC tribopair varied in the
range of 0.03—0. 07, a little higher than those of
the a-CN,/SiC tribopair (0. 019—0. 05). The
specific wear rates of coating and ball in the a-C/
SiC ball tribocouple all were higher than those in
the a-CN, /SiC tribopair.

(5) The lowest coefficient of friction of
0. 019 was acquired as the ethylene glycol concen-

tration was 10 vol. %.
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