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SBF was investigated and compared. As a result, the TiAIN coating presented the worst tribological and
electrochemical properties because of abundant products from hydration. On the contrary, due to the
generation of a favorable tribochemical product (Cr;03), the CrN coating exhibited superior character-
istics of tribology and electrochemistry. The a-C:H coating also showed outstanding corrosion resistance,
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Thji/n films but premature delamination occurred in aqueous environment which might limit its application. Thus,
Nitrides the CrN coating was found to be the most favorable protection coating in SBF from a comprehensive
Amorphous materials viewpoint.
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Table 1
Electrochemical conditions and results in different Refs.

Coatings Reference Substrate Solution Temperature (°C) Ecorr (V) Ieorr (Afcm?)
TiN Pohrelyuk et al. [12] Ti-6Al-4V Ringer 36 -0.110 3.7 x 1077
Jeon et al. [14] 316L 1 M H,S04 and 2 ppm HF 70 0.038 23 x 1077
CrN Chang et al. [18] 304 0.5 M H,SO4 and 1 M NaCl 25 — 40 x 1077
William Grips et al. [19] Mild steel 3.5% NaCl 25 —0.463 3.7 x 1077
TiAIN William Grips et al. [19] Mild steel 3.5% NaCl 25 —0.360 1.6 x 1077
Lietal [21] 1Cr11Ni;W>,MoV 0.5 mol/L NaCl 25 -0.378 1.7 x 1077
a-C:H Hadinata et al. [22] 304 and 316L 3.5wt.% NaCl 25 - 2.0 x 1078
Cai et al. [23] NiTi alloy Hank 37 —0.046 2.0 % 10°¢
Azzi et al. [24] 316L Ringer 25 - 1.0 x 10711

prosthesis replacements and fixation devices due to its excellent
mechanical property, strong corrosion resistance and satisfactory
biocompatibility in physiological environment [1—3]. Nevertheless,
about 10% of hip arthroplasties need to be replaced after 10—15
years because of local corrosion and fretting fatigue, which result
from the high CI~ concentration and moderate temperature of
human body fluid [4—11]. In order to prolong service life of pros-
thesis replacement, many kinds of corrosion-proof coatings have
been introduced to enhance the surface electrochemical perfor-
mance. These coatings can be divided into two major classes. One is
transition metal nitride coatings, such as TiN [12—16], CrN [17—20]
and TiAIN [19—21] while the other is amorphous carbon (a-C)
coating [22—24]. Nevertheless, as shown in Table 1, the corrosion
potential (Ecorr) and corrosion current density (Icorr) of a-C:H, TiN,
CrN and TiAIN coatings depend strongly on solutions, substrates
and temperatures [12,14,18,19,21—-24]. The I¢or of a-C:H coatings
varies dramatically in a very broad range from 2.0 x 107° to
1.0 x 107" A/cm? under different electrochemical conditions.
However, to date, there has been no available literature on the
tribology of metal nitrides and amorphous carbon coatings in SBF.
Moreover, the existing literature is concentrated on either tribology
or electrochemistry, while studies on both tribology and electro-
chemistry of metal nitrides and amorphous carbon coating are very
few [25], although in most application both the two kinds of
properties are required simultaneously [26]. Thus, it is extremely
important to clarify both the tribological and electrochemical per-
formance of a-C:H, TiN, CrN and TiAIN coatings in SBF.

Among various transition metal nitride coatings, CrN coating is a
paradox in biomedical applications because of the toxicity and
advantage of Cr. The permissible amount of Cr for human body per
day is about 1 mg. In this study, according to the wear rate of CrN
coatings (8.81 x 10~/ mm>/Nm), the release of Cr (7.15 g/cm?) is
around 0.01 mg under 2N (79 MPa) and 1000 m. Thus, this amount
is affordable for humans because the pressure of a hip joint is much
lower, around 1 MPa [27,28]. In addition, Cr is an essential trace
element for humans because it helps us to absorb glucose.

In Refs. [29,30], a WC-Co interlayer was employed to enhance
adhesion of coatings on steel substrate, and it was found that the
interlayer also played a key role in determining friction behavior.
For this reason, WC-Co interlayers are currently adopted when
depositing coatings on biomaterials such as cobalt—chromium,

titanium alloy and austenitic stainless. In this study, the structure of
a WC-Co interlayer and a metal base was simplified by using
cemented carbide (WC) as a substrate directly for depositing
coatings.

In this study, the tribological and electrochemical properties of
TiN, CrN, TiAIN and a-C:H coatings in SBF were evaluated by using a
ball-on-disc tribometer and electrochemical impedance spectros-
copy (EIS), respectively. Subsequently, the results of these four
coatings were discussed from the viewpoint of tribochemistry.

2. Experimental details
2.1. Deposition and characterization of coatings

WC discs (8.0 at.% Co) with a dimension of @30 x 4 mm® and
Si(100) wafers were used as substrates for tribotests and electro-
chemical tests, respectively. All of the coatings were fabricated by
enhanced cathodic arc magnetron sputtering under electrical and
magnetic fields simultaneously (Jupiter, StarArc Coating Technolo-
gies Co., Ltd., China), which could enhance ionization rate and
improve the quality of coatings as a result. Prior to deposition, the
substrates were ultrasonically cleaned in ethanol and deionized
water in succession, and then further cleaned via Ar" bombard-
ment for 10 min. During deposition process, the chamber pressure
was remained at 0.8 Pa, and TiN, CrN, TiAIN and a-C:H coatings
were synthesized by following procedures. Firstly, a Ti metal layer
was deposited on the substrate in advance for all these coatings to
increase the adhesive strength between the substrate and the top
coating. Then a gradient TiN coating was synthesized via increasing
the ratio of N in mixed gases (Ar and N3) from 10% to 100% while
CrN and TiAIN coatings were deposited by sputtering Cr and TiAl
metal targets, respectively. As for the a-C:H coating, after deposi-
tion of a Ti adhesive layer, the fabrication was conducted under the
mixed atmosphere of Ar (10 sccm) and CH4 (100 sccm) gases with
constant ratio of 10%.

The crystal phases of TiN, CrN and TiAIN coatings were
measured via D8-Advance X-ray diffraction (XRD) (Bruker, Ger-
many) with Cu Ko radiation (A = 0.15404 nm). A continuous scan
mode was used to collect 26 data from 10° to 100° at the sampling
pitch of 0.02 and the scan rate of 2°/min. The X-ray tube voltage and
current were set to 40 kV and 40 mA, respectively. Because of its

Table 2
Physical properties of TiAlIN, a-C:H, TiN, CrN coatings and Al,05 ball.
Materials Thickness Hardness Elastic modulus H3/E? Average crystal size (nm) Contact pressure
(um) (GPa) (GPa) (GPa)
TiAIN 1.89 273 466 0.094 324 0.706
a-C:H 1.79 16.7 166 0.169 - 0.479
TiN 0.76 23.6 397 0.083 332 0.673
CrN 2.05 17.9 422 0.032 379 0.685
Al,03 - 16.5 370 0.032 — —
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Table 3
Chemical composition of simulated body fluid.

Compound Concentration(g/L)
NaCl 7.996

NaHCO3 0.35

KCl 0.22
K>HPO4-3H,0 0.228

MgCl,-6H,0 0.305

CaCl, 0.278

NayS04 0.071
(CH,0H)3CNH, 6.057

1 mol/L HCl For pH controlling

amorphous nature, the bonding condition of a-C:H coating was
characterized by Raman spectroscopy (NRS-3100, JASCO Co. Ltd.,
Japan). In addition, the cross-section morphology and thickness of
coatings were observed and measured via a field emission scanning
electron microscope (FE-SEM) (JEOL-JSM-7001F). Regarding me-
chanical properties, the hardness and elastic modulus of coatings
were measured via nanoindentation tester (ENT-1100a, Elionix Co.
Ltd., Japan). The penetration depth of a Berkovich indenter was set
to 100 nm, and 40 nanoindentations were performed under each
condition. Table 2 lists the mechanical properties of TiN, CrN, TiAIN,
a-C:H coatings and the Al,03 ball.

2.2. Characterization of tribological properties

The friction behavior of coatings was investigated by a ball-on-
disc tribometer, and the common material of articular head (Al;03)
was chosen as mating ball with a diameter of 8 mm. All the tri-
botests were carried out at 2 N, 0.2 m/s with a sliding distance of
1000 m. In this case, the friction coefficient of coatings/balls tri-
bopair rather than that of WC/balls tribopair, as well as worn-out
distance could be gained and compared at the same time. After
friction test, the diameter of wear scar on ball was measured by an
optical microscope (XJZ-6) whilst the cross-section area of the wear
track on a coated disc was obtained via a non-contact white-light
interferometer (CCI 3D, Taylor Hobson Ltd. UK).

2.3. Characterization of corrosion behavior

Prior to electrochemical test, a coated Si(100) wafer was firstly
connected with a copper wire by conductive carbon tape, and then
enveloped by 704 silicon rubber with 1 x 1 cm? exposing test area.
Electrochemical measurement was performed by a standard three-
electrode electrochemical cell which has been described in
Ref. [26]. After immersion of specimen in electrolyte for 1 h, EIS was
measured at open circuit potential (OCP) with an AC excitation of
10 mV over the frequency range from 1 mHz to 100 kHz. Each EIS
measurement lasted for about 2.5 h, and was repeated three times
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Fig. 1. X-ray diffraction spectra of (a) TiAIN, (b) TiN and, (c) CrN coatings and Raman spectrum of (d) a-C:H coating.
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Fig. 2. Cross-sectional SEM images of (a) TiAIN, (b) a-C:H, (c) TiN and (d) CrN coatings.

by using new sample in fresh solution to ensure the reliability of
data. Subsequently, the EIS data were fitted with equivalent circuit
by ZsimpWin software.

All the above-mentioned measurements were carried out at
37 °C controlled by a water bath kettle (DF-101S), and simulated
body fluid by formula (Table 3) was selected as lubricant for
tribology and electrolyte for electrochemistry [31].

3. Results and discussion
3.1. Characterization of coatings

As seen in Fig. 1, except for the diffraction peaks of cemented
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Fig. 3. The friction behavior of different coatings in SBF.

carbides, TiAIN, TiN and CrN coatings all exhibit corresponding
crystals of metal nitrides which sufficiently demonstrate the suc-
cessful deposition. According to the Scherrer equation (1), the
average crystal size (D) of each coating was calculated and is listed
in Table 2.

D = K\/BcosO (1)

where K is Scherrer constant of 0.89; A is X-ray wavelength of
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Fig. 4. The cross-sectional contour lines of wear tracks on different coatings.



78 Q. Wang et al. / Materials Chemistry and Physics 158 (2015) 74—81
1.0 - - - 10° - - -

(a)Lubricant: Simulated body fluid (b)Lubricant: Simulated body fluid Balls
=* 09T F=2N,V=0.2m/s at room temperature 2 o[ F=2N,V=0.2m/s at room temperature Coatings
= 107 F
S 08}

A5 T %
EO07F
P / E10° N N\
o =
o 0.6F B
g 0 Z §
= 05 S 100k
.8 = §
u‘; 04 . _ g
S -7
2 osl v % = 107F 7
@ ¥ 3=
= 02F RS
: il /
S 01f ©n
0.0 / / 10° EZ
TiAIN a-C:H TiN CrN TiAIN a-C:H TiN CrN
Type of coatings Type of coatings
Fig. 5. The variation of (a) Mean steady friction coefficients and (b) Tribopairs' specific wear rates as a function of coatings' type.
(a) CC(Cemented carbide) (b) CC(Cemented carbide) (c) CC(Cemented carbide)

CccC
TiN
cc

Intensity(a.u.)
Intensity(a.u.)

CcC

Intensity(a.u.)

L f
40 45 50 55 60 65 70 75 80 85 90 30 35 40 45 50 55

26(°)

30 35

60 65
26(%)

I L L
60 65 70 75 80 85 90

26(°)

L
70 75 80 85 90 30 35 40 45 50 55

Fig. 6. X-ray diffraction spectra of wear tracks on (a) TiAIN (b) TiN and (c) CrN coatings.

0.15404 nm; B is Full-Width at Half Maximum (FWHM) and 4 is
diffraction angle. It is obvious that TiAIN coating presents a smaller
average crystal size (32.4 nm) than TiN coating (33.2 nm) due to
grain refinement by Al doping [32,33], while CrN coating shows the
biggest average crystal size of 37.9 nm. As for the a-C:H coating, no
specific crystal size is listed here due to amorphous nature char-
acterized by Raman spectrum in Fig. 1d, in which obvious D
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(disordered carbon) and G (graphitic carbon) peaks appear simul-
taneously [34]. Accordingly, different average crystal sizes directly
influence the compactness of these four coatings shown in Fig. 2. As
compared with TiAIN and TiN coatings, the CrN coating displays
columnar microstructure with greater cluster size while the a-C:H
coating shows the most compact morphology due to its amorphous
feature.

-Phase(degree)

Frequency(Hz)

Fig. 7. (a) Nyquist plots (b) Bode plots of different coatings in SBFE.



Q. Wang et al. / Materials Chemistry and Physics 158 (2015) 74—81 79

Fig. 8. Equivalent circuit of different coatings.

3.2. Tribological properties of coatings

According to Hertzian circular point contact, the initial contact
pressures of different tribopairs were calculated (Table 2), and the
order of contact pressure is TiAIN > CrN > TiN > a-C:H. For this
reason, a similar variation trend of initial friction coefficient is
shown among TiAIN (0.222), CrN (0.241), TiN (0.139) and a-C:H
(0.097) coatings. On the other hand, the failure distance of each
coating can be confirmed by sharp increase of friction coefficient in
Fig. 3. It is clear that the TiAIN and a-C:H coatings were worn out at
a distance of 550 m while the worn-out distance of TiN coating is
870 m. In contrast, the CrN coating remains its integrity, because its
friction coefficient keeps stable during whole friction test. As seen
in Fig. 4, the depths of wear tracks on the TiAIN, a-C:H and TiN
coatings are 2.5 um, 3 pum and 1 pm, which exceed the thicknesses
of films (Table 2). Nevertheless, the depth of wear track on CrN
coating is just 0.6 pm and lower than its thickness. Furthermore, the
widths of wear tracks on these four coatings present similar vari-
ation trend as depths, and decrease from 0.56 mm (TiAIN) to
0.18 mm (CrN). Thus, taking the friction behavior (Fig. 3) and the
contours (Fig. 4) into consideration, these two results are consistent
with each other.

The mean-steady friction coefficients and specific wear rates of
different tribopairs are illustrated in Fig. 5. Although TiAIN and a-
C:H coatings exhibit relatively denser microstructure due to small
crystal size and amorphous nature, TiN and CrN coatings outper-
form TiAIN and a-C:H coatings both at friction coefficient and wear
rate. To be specific, TiN and CrN coatings exhibit lower friction
coefficients (0.363 and 0.250, separately) and wear rates
(3.19 x 10~% mm3/Nm and 8.81 x 10~7 mm?/Nm, respectively) as
compared with TiAIN and a-C:H coatings. Thus, average crystal size
and compactness are not key factors to affect tribological proper-
ties. Generally, the resistance to plastic deformation of the coating
is proportional to H3/E? ratio, which reflects relative wear resis-
tance to a certain extent. However, it is worth noting that the TiAIN
and a-C:H coatings with higher H3/E? ratios still present higher
friction coefficients (0.747 and 0.372, respectively) and wear rates
(1.78 x 107> mm°>/Nm and 1.64 x 10~> mm?>/Nm, respectively). It is
implied that hardness and elastic modulus are also irrelevant to
tribological properties. Thus, there must be other factors contrib-
uting to this phenomenon. As compared with original XRD of
coatings, some novel and weak peaks of oxides present in Fig. 6
after tribotest. According to our previous researches [35,36], the
hydration of TiAIN, TiN and CrN coatings in aqueous environment
can take place as reactions (2—4). Then, the corresponding oxides

Table 4
Characteristics of the equivalent circuit derived from the EIS data in SBFE.

exhibit in individual XRD such as Al,03/TiO, peak at 40.2° for TiAIN
coatings, TiO; peaks at 50.8°, 56.3° and 58.1° for TiN coatings, and
Cr03 peak at 41.5° for CrN coatings.

2TiAIN+7H,0 = 2TiO2+Al03+2NH3+4H; (2)

4G = ~1370.58 kJ/mol

2TiN + 4H,0 = 2TiO, + 2NH; + H» 3)

4GF*® = —233.33 kJ/mol

2CrN + 3H30 = Crp03 + 2NH3 (4)

4G}*® = ~250.10 k] /mol

Since the degree of reaction is proportional to Gibbs free energy,
the hydration of TiAIN coating occurs much easier than those of TiN
and CrN coatings. Therefore, significant products originate from the
chemical reaction (2), and compels TiAIN coating to suffer higher
specific wear rate as compared with TiN and CrN coatings. On basis
of this, extremely rough contact area is formed by severe wear, and
subsequently TiAIN/AI,Os3 tribopair exhibits the highest friction
coefficient of 0.747. As for a-C:H coating, the hydrogen originating
from CH4 makes it be sensitive to aqueous environment, and causes
delamination easily [37,38]. As seen in Fig. 4, it is worth noting that
the edge of wear track in red frame is quite different from the
others, i.e., the edge is very neat. Thus, this phenomenon might be
attributed to entire delamination under contact stress, and there-
fore, a-C:H coating presents high wear rate of 1.64 x 10> mm>/Nm.
However, during tribotest, falling a-C:H coating can stay between
the contact surfaces, and offers self-lubrication effect indicated as a
relatively low friction coefficient of 0.372. According to respective
Gibbs free energy, the hydration degree of TiN and CrN coatings is
quite similar, and therefore, the qualities of TiO; and Cr,03 domi-
nate the difference in tribology. Ozturk et al. [39] pointed out that
the high friction of TiN coating was attributed to the formation of
TiOx while the relatively low friction of CrN coating was attributed
to the oxygen-rich tribofilms. The oxide of Cr is of lower shear
strength as compared with TiOx. Thus, CrN coating exhibits a
smoother wear track than that of TiN coating in Fig. 4, and reveals
the lowest friction coefficient and specific wear rate.

3.3. Electrochemical properties of coatings

As seen in Fig. 7a, a-C:H coating exhibits the largest capacitive
resistance arc followed by CrN coating, whereas TiAIN coating
shows the smallest one. It is indicated that a-C:H coating can pre-
sent better corrosion-proof ability as compared with other coatings
in SBF. However, the phase of a-C:H coating at medium frequency
(10°—10° Hz) is lower than 30° in Bode plots (Fig. 7b). In contrast,
CrN coating exhibits higher phase than 65° over a very broad fre-
quency range from 10~>—10% Hz. It is indicated that CrN coating
would be more likely to perform as ideal capacitor during a broader

Coatings Rs(Ohm cm?) (CPE-Yo)po (CPE-n)po Rpo (ohm cm?) (CPE-Yo)ai (CPE-n)q Ret (ohm cm?)
(Fem™2) (Fem™2)

TiAIN 1.93 8.85 x 10°° 0.733 9.71 123 x 107> 0.998 2.23 x 10°

a-C:H 0.89 436 x 10710 0.998 6.81 x 10* 3.07 x 107 0.926 4.70 x 107

TiN 1.23 326 x 1076 0.790 16.36 3.01 x 10> 0.984 2.92 x 10°

CrN 2.47 142 x 107° 0.705 13.61 2.18 x 107 0.883 2.15 x 107
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frequency range, and prevents from electrolyte attacking.

According to Nyquist, Bode plots and chi-square values after
ZsimpWin software fitting, the EIS data of all coatings can be well
depicted by equivalent circuit with two time constants in Fig. 8,
which has been used frequently to describe the AC response of a
defective film on a metallic substrate [40]. In the equivalent circuit
(EC), the electrolyte resistance Rg, originates from the ohmic
contribution of the electrolyte solution between the working and
reference electrodes; the pore resistance Ry, related to the coatings’
block effect will hinder the electrolyte penetration, and the CPEy is
the corresponding coatings' capacitance; the R is related to charge
transfer resistance due to the formation of a double layer of charge
at the Si/electrolyte interface, and CPEq, is the corresponding
double-layer capacitance. Moreover, constant phase element (CPE
or Q) is used to represent a non-ideal capacitor, and also to describe
the deviation from the actual capacitive behavior [41]. The
impedance of Q (Zq) is expressed as:

Zg = 1/[Yo(jw)"]. (5)

where Y, is the capacitance (F cm™2), w is the angular frequency (rd/
s), j is vV—1 and n is the CPE power that represents the degree of
deviation from a pure capacitor. For n = 1, Q is an ideal capacitor,
while for n < 1, Q is non-ideal.

The respective value of each component is listed in Table 4.
Owing to the compact structure originating from amorphous na-
ture, electrolyte is not easy to penetrate through a-C:H coating, and
a-C:H coating shows the highest R¢; of 4.70 x 107 Q cm?. As we said
in introduction, Cr is a paradox in biomedical application, but it still
makes CrN coating present a slightly lower Re; of 2.15 x 107 Q cm?.
Without chromium, corrosion resistance of TiN and TiAIN coating
becomes worse, especially for TiAIN coating, which exhibits the
lowest value of 2.23 x 10% Q cm?. Since tribological tests were also
conducted in SBF, the electrochemical properties of coatings defi-
nitely make an indirect influence on their tribological properties.
Thus, CrN coating with relatively higher R exhibits favorable
tribological property, whereas TiAIN coating exhibits both the
worst tribological and electrochemical properties. As for a-C:H
coating, early delamination limits its applications in SBF even with
the best corrosion resistance. In consequence, taking tribological
and electrochemical properties into account, CrN coating is the
favorable candidate which can be used in surgical prosthesis
replacement.

4. Conclusion

The tribological and electrochemical properties of TiN, CrN,
TiAIN and a-C:H coatings in SBF were investigated, and conclusions
are drawn as follows:

(1) A CrN coating exhibits superior friction and wear ability due
to tribochemical reaction, and presents better corrosion
resistance in SBF than those of TiAIN and TiN coatings.

(2) In contrast, a TiAIN coating presents the worst tribological
and electrochemical properties due to significant generation
of wear debris from hydration.

(3) Although an a-C:H coating exhibits the highest Ry, early
delamination resulting from sensitivity to aqueous environ-
ment limits its application in SBF.
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