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Abstract

CoCrMo is a biomedical grade alloy which is widely used in the manufacturing of orthopaedic
implants such as hip and knee replacement joints because of it has high hardness, high
corrosion resistance, and excellent biocompatibility. However, the release of metal ions due to
corrosion and wear of the alloy over time may cause allergic or other adverse reactions in some
patients. To date, various surface modification techniques including nitriding, have been used

to improve the performance of CoCrMo (F75) alloy.

In the current work, a new low-pressure plasma nitriding process is described. Unlike
conventional plasma nitriding, the process utilises High Power Impulse Magnetron Sputtering
(HIPIMS) discharge, sustained on one Cr target at low power, to further enhance the ionisation
of the gas in the vacuum chamber and to avoid coating deposition. The nitriding of CoCrMo
alloy has been carried out in a wide range of nitriding voltages (from -500 V to -1100 V) at
400 °C for duration of 4 hours. The chemical and phase composition of the nitrided layer has

been studied by various advanced surface analyses techniques.
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The X-ray diffraction data of all the nitrided samples revealed the formation of
expanded austenite (yN) phase. Texture analyses revealed that at lower nitriding voltages
(-700 V) the predominant crystallographic orientation of the compound layer is (200)
whereas at higher voltages (-900 V to -1100 V) the layer develops mixed (111) and (200)
texture. For samples nitrided at a lower bias voltage of - 500 V, diffraction peaks for
CrN/NDbN and Cr2N were also observed due to the deposition of target materials (Cr and
Nb). However, no coating deposition on the substrate surface was observed at higher bias
voltages (-700 V and higher) due to sufficient re-sputtering effect. The results obtained
from glow discharge optical emission spectroscopy (GDOES) depth profiling showed that
the depth of nitriding increased from approximately 0.7 um at -500 V to 6 um at -1100 V.
In the pin-on-disc tribological test nitrided samples showed low coefficient of friction p in
the range of 0.6 to 0.7, compared to pu= 0.8 recorded for the untreated substrate. The wear
coefficients (Kc) were found to be between 1.79 x 10" m3N'm™? (-700 V) and 4.62 x 10°
15 m3N*m? (-1100 V), which were one order of magnitude lower than the untreated
substrate, Kc = 6 x10™%* m3N*m™. The Knoop microhardness (HK) of nitrided samples
significantly increased by a factor of 5 (HK= 2750 at -1100 V) as compared to the untreated
substrate, HK=525, demonstrating the high efficiency of the process. The samples nitrided
at -700 V and - 900 V exhibited enhanced corrosion resistance as compared to untreated
alloy by avoiding the formation of CrN based compounds which adversely affect the

corrosion performance.

Keywords: Biomaterials; Surface Engineering; Diffraction; GDOES; Simulated Body Fluid

(Hank's Solution).



1. Introduction

CoCrMo (ASTM-F75) is a biomedical grade alloy with high fatigue, tensile strength and
enhanced corrosion resistance [1-3]. It is mainly used as a femoral head in total hip replacement
and femoral component in total knee replacement implants [3]. However the lifetime of these
implants can be impacted by various factors, including wear [4] and the release of metal ions
due to tribocorrosion [5]. The release of metal debris/ions may induce dose-dependent adverse
biological reactions in the periprosthetic tissues of some patients and may also transfer through
blood to different parts of the body [5-6]. Patient-related factors can also influence wear and
corrosion of implant surfaces, as these mechanisms can be significantly accelerated due to high

cyclic loading [7].

Over the years, various surface hardening techniques including plasma nitriding, plasma
carburizing [13], high intensity plasma ion nitriding [10-11] and plasma immersion ion
implantation nitriding [12] have been used to overcome the above described drawbacks. It has
been found by many researchers that plasma nitriding and carburising of CoCrMo alloy at low
temperature can form duplex nitrided layers (compound and diffusion) or S-phase without
forming any CrN precipitation layer [14-16] thus enhancing the mechanical and tribological
behaviour of the base material. It has been first observed by Zhang et. al. that the hardness of
the austenitic steel (AISI 316) can be improved by nitriding without altering the intrinsic
corrosion resistance of the substrate [17]. In the case of CoCrMo alloy, the formation of
expanded austenite phase at low temperature carburising has shown better wear resistance with
no loss of corrosion resistance [18] in tribocorrosion conditions in both air and Ringer's solution

[5]. Hutchings et. al, also found that the wear resistance of nitrided Ti alloy increased two



orders of magnitude as compared to an untreated substrate [19]. Wei Ronghya et.al reported
that low ion energy ion implantation at elevated temperatures that produced a thick nitride layer
resulted in improved tribological properties. They have also found that the case depth increased
as ion energy increased [20]. However, many researchers have reported that the oxide layers
present on the surface of the substrate can act as a barrier in achieving high nitriding depth [21-

24].

Hovsepian et al. have successfully demonstrated that it was possible to nitride austenitic
stainless steel at low pressure (in the range of 10~ mbar,) using High Power Impulse Magnetron
Sputtering (HIPIMS) discharge. The advantage of using HIPIMS for nitriding is that it can
generate highly ionised plasma which dramatically enhances the process efficiency due to the
utilisation of the ion irradiation enhanced diffusion processes. Another motivation behind the
development of low pressure nitriding process (in the 10" mbar range, which is three orders of
magnitude lower than that of the conventional glow discharge process) is the significant
reduction of the negative effect of the oxygen ions on the nitrogen diffusion and the possibility
to execute it in a standard physical vapour deposition (PVD) type equipment. This is seen as
very advantageous approach as it allows duplex type of treatment of the surface involving
enhancement of substrate load bearing capacity by plasma nitriding followed by an application

tailored PVD top coating in one PVD system.

In the present study, CoCrMo alloy (F75) was plasma nitrided using HIPIMS discharge
at low pressure. The degree of ion bombardment was varied by varying the bias voltage applied
on the treated substrate in the range from -500 V to -1100 V. Other process parameters such as
temperature, operating pressure and process time were kept constant. The effect of substrate
bias on nitriding depth, mechanical and tribological properties were extensively studied and
compared to those of untreated CoCrMo alloy and treated in standard plasma nitriding process

which utilises direct current glow discharge.



2. Experimental Details

2.1 Materials and Methods

CoCrMo (ASTM F75) alloy with chemical composition as listed in Table 1 was used as
substrate material (sample dimensions: @ 16 mm x 5 mm). Prior to loading into the
chamber, samples were mirror polished (1 pm diamond paste) and cleaned in an
automated industrial size cleaning line containing several baths with different industrial
detergents, (alkali solutions), deionised water and ultrasonic agitation to remove all
contaminants from the surface (mostly organic contaminations such as oils). The

degreased samples were dried in a vacuum drier at 120 °C for 30 minutes.

Element e
mass/mass
Cr 27 -30
Mo 5-7
Ni <0.5
Fe <0.75
C <0.35
Si <1.0
Mn <1.0
Tu <0.2
P <0.20
S <0.10
N <0.25
Al <0.1
Ti <0.1
B <0.1
Co Balance

Table 1: Chemical composition of CoCrMo alloy (F75)



HIPIMS enhanced low-pressure plasma nitriding (HLPPN) was carried out in an
industrial size PVD machine (Hauzer techno Coating 1000-4, The Netherlands) enabled
with HIPIMS technology at Sheffield Hallam University. The system is equipped with
two (Huttinger Elektronic sp z o. 0.) power supplies and a specialised HIPIMS
compatible bias power supply with arc suppression unit, [25]. Both the cathode and bias
power supplies were operated in voltage-controlled mode, whereby the voltage was
maintained constant with an accuracy of 5% of the setpoint by supplying the required
current. The bias voltage was kept at a dc level and the cathode voltage was pulsed. The
substrates were mounted on special holders on a rotating table, located at the centre of
the chamber, which can allow three-fold rotation. Prior to the plasma nitriding, the
substrate surface was pre-treated by HIPIMS plasma discharge (enriched with Ar and Cr
ions) to remove any kind of residual organic contaminants and oxide layers from the
surface. During this step, the surface is subjected to intensive bombardment by Cr+ ions
generated by HIPIMS discharge on a Cr target [25,26]. The nitriding was carried out in
a mixed N2/H2 (85:15) atmosphere by maintaining HIPIMS discharge on one pair of Cr
and Nb targets and unbalanced magnetron sputtering (UBM) discharge maintained on a
second pair of Cr and Nb targets for 4 hours. The reactive gas flow rate was precisely
controlled using plasma emission monitoring and control system "Speedflo”
manufactured by Gencoa Ltd. UK. The bias voltage was varied from -500 V to -1100 V
in order to provide ion bombardment at different energies. The substrates were biased by
a generator operating in voltage-controlled mode. Time-resolved measurements of the
substrate bias voltage using an oscilloscope confirmed that the voltage at the substrate is
within 1% of the set voltage and is maintained throughout the power pulse on the
magnetrons. No significant change in substrate current was observed for different

voltages confirming that the plasma is primarily generated at the magnetron cathodes.



The temperature and the total pressure were kept constant at 400 "C and 8.3 x 10 mbar

respectively.

2.2 Characterisation techniques

The microstructure, mechanical and tribological properties of the nitrided samples were

characterised using a range of highly precise and advanced analytical instruments.

Phase composition of all treated and untreated CoCrMo was obtained from an
Empyrean X-ray diffractometer with Cu Ko radiation (1.5418 A). The Texture
coefficient of the nitrided CoCrMo alloy was investigated using glancing angle
incidence mode (2°) and 6-20 geometry [28].

An Olympus optical microscope was used to investigate the microstructure and
nitriding thickness of all the treated and untreated samples.

Quantitative elemental depth analysis was performed using Glow Discharge Optical
Emission Spectroscopy (GDOES) (Jobin Yvon).

The nitrided layer thickness was investigated using Scanning Electron Microscope (FEI
Quanta 650 3D DualBeam FIB FEG-SEM) equipped with a secondary electron
detector.

Cross-section SEM analysis were carried out on specially prepared samples. Small
sections from the analysed material were cut and moulded together. These sections were
further polished to 1pum using diamond paste and chemically etched using a mixture of
hydrogen peroxide (H202) and hydrochloric acid (HCL) (Marble's reagent) for 16 sec
[29].

A Knoop micro-hardness tester (Mitutoyo, Microhardness tester) was used to obtain

the hardness of the nitrided samples.



e Surface roughness was characterised by a profilometer (DEKTAK 150). The scan size
was fixed for 1000 um (120 sec.) with a resolution of 0.033 um and the surface
roughness (Ra) was calculated based on an average of 3 scans.

e A Dry sliding pin-on-disc (POD) test (CSM Tribometer) was used to obtain the
coefficient of friction (COF) and coefficient of wear (Kc). All tests were performed at
a total sliding distance of 2 km and a rotational speed of 10 cm/s. These tests were
carried out at room temperature of about 26 °C and 25% relative humidity. An Al,O3
ball with a diameter of 6 mm was used as a counterpart for each test with a fixed load
of 5 N.

e Potentiodynamic polarization tests were conducted to study the corrosion performance
of the untreated and nitrided specimens in Hank's solution. The test specimens were
masked with lacquer to expose a surface area of 1 cm?. The applied potential was varied
from - 1000 mV to +1000 mV with the scan rate of 1 mV/s using a computer controlled
Gill-AC potentiostat manufactured by ACM instruments. A saturated Ag/AgCl

electrode was used as the reference electrode.

3. Results and discussion

3.1 X-ray Diffraction analysis

The phase composition of the nitrided layers and the untreated surface was investigated
by glancing angle x-ray diffraction (GAXRD) at 2° incident angle (Fig 1). XRD data of
the untreated CoCrMo substrate showed a predominantly face-centred cubic (FCC)
structure, called y austenite phase (PDF No: 01-071-4651) with peaks around 44.5° and
51.4° along with a hexagonal closed-packed (HCP) structure, called € phase (PDF No:
04-004-4360). It has been reported that both FCC and HCP structures coexist in CoCrMo

alloys. However, generally at room temperature the FCC structure is predominant [30].



7, (112) ﬂ 7, (200) HLPPN-1100V|
A A HLPPN-1000V|

HLPPN-900V

"

- HLPPN-700V

(Cr-Nb)N(Cr-Nb)N HLPPN-500V/

£(110)/y(220)

Y (111) Untreated

¢ (100) Sslolk( (200)  (110)/(220)

PRSI V|

30 35 40 45 50 55 60 65 70 75 80
2Th[°]

Intensity (a.u)

Figure 1: X-ray diffraction data of untreated and nitrided samples at various bias

voltages.

In the case of HLPPN-500 V, the XRD pattern showed the (111) and (200) reflections of
the FCC structured CrN/NbN at 36° and 42° respectively, as well as a reflection from
Cr2N at 62.5°. This analysis revealed that at low nitriding voltage (- 500 V), a thin (Cr-
Nb)-nitride layer was deposited on the sample surface despite intensive re-sputtering of
the bombarded surface. It can be stated however that at - 500 V, a nitrided layer is also
formed, as revealed by the presence of a higher angle substrate diffraction peak at around

75°, which corresponds to the € (110)/ y (220) phase mixture

On the other hand, samples treated at higher bias voltages (from -700 V to -1100 V)
showed yn (111) and yn (200) peaks corresponding to an expanded austenite phase which
are shifted to lower 26 angles compared to the as polished untreated substrate. This shift

is mainly due to the expansion of the FCC lattice by the insertion of nitrogen in the



octahedral sites of such structure during nitriding, even though residual stress and
stacking faults can also cause such lattice expansion. It is important to note that the XRD
data of HLPPN-1000V and HLPPN-1100V also showed traces of CrN and Cr:N
compounds unlike HLPPN-700V and HLPPN-900V samples. It has been already
reported that the precipitation of chromium nitride compounds was observed when the
nitriding was carried out at 520 °C [31]. In this research, during the nitriding of HLPPN-
1000V and HLPPN-1100V samples, the actual process temperature increased up to 510
°C because of the intense ion bombardment due to high bias voltages, even though the
set value was much lower of about 400 °C. In the case of HLPPN-700V and HLPPN-
900V samples, the actual process temperature was around 430 °C, hence no chromium

nitride compound precipitation. Table 2 shows peak position, the calculated interplanar

distance (d), lattice parameter (a) and lattice expansion (2_a) of the (111) and (200) phase
0

of the various (nitrided and untreated substrate) samples. The (111) peak in the sample
nitrided at -1100 V exhibited a maximum shift of about 3.5° and the (200) peak in the -
900 V sample showed about a 6° shift as compared to the substrate peaks. In the [111]
direction, the lattice parameter (a) increased significantly from 0.368 nm to 0.384 nm
while increasing the bias voltage from -700 V to -1000 V. However, it decreased to 0.370
while further increasing the bias voltage to -1100 V. It is important to highlight that the
lattice parameter (a) for austenite cubic (111) phase in equilibrium state is 0.374

according to the Cobalt-Nitrogen (Co-N) phase diagram. The highest lattice

expansion,(i—a) of 9.40 % was observed for samples treated at -1000 V as compared to
0

the untreated sample. Therefore, it can be argued that lattice expansion has reached

saturation point at -1000 V. In [200] direction, the maximum lattice expansion was found

to be 12.99 % for the sample treated at -1000 V as compared to the untreated sample.



The lattice expansion, (i—a) in [200] direction was found to be higher as compared to [111]

direction for all nitrided samples. Similar behaviour was observed by Ozturk et al. [32]

for 316 stainless steel alloy. The sample treated at - 1100 V exhibited the highest

difference of about two-fold while comparing the lattice expansion in [111] and [200]

directions.

Texture coefficient, (T*) was calculated using the following equation, [28]:

Ihi/Rhx

= (1/n) X6k /Ruk)

Where I(hKl) is the measured peak intensity from the (hkl) reflections, R(hkl) is the

reference standard (random) peak intensity from the (hkl) reflections and n is the

number of reflections considered. The results from these calculations for all nitrided

samples are listed in Table 2. The texture analyses revealed that at a lower bias

voltage of -700 V, the predominant crystallographic orientation of the nitrided layer is

(200) whereas at higher bias voltages (from -900 V to -1100 V), the layer developed

mixed (111) and (200) texture.

Sample 1D 20° d (nm) a (nm) 295100 (%) T*(%)
ao

Yny (111) | yn (200) (112) (200) | (111) | (200) | (111) (200) (112) (200)
Untreated v (44.53) 7 (51.43) 0.203 0.177 0.351 0.354
HLPPN-700V 39.84 45.88 0.213 0.197 0.368 0.394 5.10 11.29 151 98.48
HLPPN-900V 40.91 46.17 0.220 0.196 0.381 0.392 8.56 10.73 4354 56.45
HLPPN-1000V 4057 45.05 0.222 0.200 0.384 0.4 9.40 1299 33.83 66.16
HLPPN-1100V 41.05 45.32 0.214 0.199 0.370 0.398 5.41 12.42 28 72




Table 2 : d spacing, T* and lattice parameter of untreated, and HLPPN at different bias voltage:

-700V, -900V, -1000V and -1100V.

3.2 Elemental Depth Analysis

Generally, duplex nitrided layers such as diffusion layer (CosN) and compound layer
(Co2:3N) are formed during the nitriding of CoCrMo alloy [14], [33]. According to the
Co-N equilibrium phase diagram, at 400 °C, CosN is formed when the concentration of
N is about 20 at. %. Further increase in the nitrogen concentration will lead to the
formation of other under-stoichiometric Co based nitrides such as CosN and Co:N
followed by the stoichiometric CoN when the concentration of N is 50 at. % [33]. The
elemental depth profiles of treated samples obtained using glow discharge optical
emission spectroscopy (GDOES) are depicted in Fig. 2 (a-b). Generally, nitrogen depth
profile exhibits plateau-type shapes with sharp leading edges [14]. For samples treated
at higher bias voltages (from -700 V to -1100 V), initially, the concentration of nitrogen
was about 40 at. % and stable up to a certain depth which then gradually decreased to the

lowest value before remaining almost constant.
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Figure 2a: Elemental depth profile of nitrided sample at -500 V bias voltage.
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Figure 2b: Nitrogen depth profiles of nitrided samples at various bias voltages.

The diffusion depth was found to be increased while increasing the bias voltage from -
700 V to -1100 V. It has been reported that the optimum energy needed to form a deep
nitrided layer was of about 1 keV. In this study, the sample with the highest bias voltage
of 1100 V (1.1 keV) showed the maximum diffusion depth of about 6 um. At this energy
level, the density of N>* and N* ions was found to be increased threefold as compared to
0.5 keV as evidenced by the corresponding increase in substrate bias current. Constant
currents and voltages at the cathodes indicated a constant plasma density was generated
in the chamber. The substrate bias currents (both average and peak) were proportional
to the bias voltage due to the increased area of collection by each sample associated with
an increased sheath width. The data confirms our earlier plasma density measurements
in the same operating range [35]. Additionally, the intensive ion bombardment generates
defects on the surface for these ions to diffuse faster, (ion irradiation enhanced diffusion).

The dissociation of neutral N2 into ions was also achieved by igniting Cr and Nb targets



using HIPIMS/UBM sources at low power densities. The diffusion depth of the other two

samples with bias voltages of -700 V and - 900 V was 1.2 um and 2 um respectively.

The formation of these layers can be explained by the diffusion model proposed for
stainless steel by Williamson et al. [36] due to the similarity of CoCr to stainless steel
[37]. According to this model, the Cr atoms act as trapping sites for N and inhibit the
diffusion until all Cr trap sites are occupied, resulting in a nitrogen rich compound layer.
Subsequently, further incoming N diffuses freely through the compound layer into the
substrate, producing transition and diffusion zones, respectively. Also, this model was
further refined by Parascondola et al. [38] which included a thermal detrapping
mechanism of N from trap sites with detrapping activation energy of 1.45 eV. Akvile
Petraitiene et al. adapted this model for CoCr which consisted of nitrogen adsorption on
the surface, nitrogen concentration dependent diffusion coefficient of nitrogen and alloy's

swelling processes.

The sample treated at -500 V showed a slightly different (very thin plateau) profile with
highest nitrogen concentration of about 70 at. % up to ~200 nm depth which then sharply
decreased to 25 at. % before gradually reducing to the lowest level shown in Fig. 2a.
Notably, the concentration of Cr increased sharply up to 18 at. % before following the
similar trend observed for the other treated samples. Also, it is important to highlight that
the concentration of target material, Nb, was found to be approx. 13 at. % in this region
unlike the other nitrided samples. Therefore, this thin layer can be attributed to the
deposition of a thin (Cr-Nb) N coating. Also, it can be argued that diffusion of nitrogen
has also taken place since the nitrogen concentration didn't reduce to zero immediately
after the coating and this can be correlated with XRD data obtained for this sample.

(Refer Sec. 3.1).



3.3 Nitrided layer thickness

Cross-section SEM images of CoCrMo samples nitrided at various bias voltages are
depicted in Figure 3a-e. The formation of both compound and diffusion layers can be
clearly seen in HLPPN-700V and HLPPN-900V samples whereas HLPPN-1100V and
HLPPN-1000V sample showed only a compound layer. The diffusion depth
measurements using SEM also showed that the depth increased with increasing bias
voltage. Maximum depth of about 3.7 um was observed for the sample treated with -
1100 V followed by 3.3 pm, 1.8 um and 0.97 um for -1000 V, - 900 V and - 700 V
respectively. EDX analysis (not shown) of these samples showed the absence of target
material, Nb in these layers which indicated that these layers are nitrided layers, not (Cr-

Nb)N coating.

The sample treated at - 500 V (Fig. 3a) showed a highly dense layer with a unique
microstructure as compared to the other samples. EDX analysis of this sample showed
that the layer is comprised of Cr, Nb and a small amount of nitrogen. However, it was
impossible to establish with EDX that the detected Cr was mainly due to the deposition
of (Cr-Nb)N coating as this layer was very thin at approximately 0.97 um and the
substrate also contained a substantial amount of Cr. But the presence of Nb indicated that

the deposition of target material has also taken place.

The diffusion depth results are considered an estimation as it is not possible to image the
whole diffusion layer using SEM. Nevertheless, these values when further defined by

EDX corroborated the findings from XRD and GDOES analysis.



Figure 3: Cross-Section SEM images of nitrided samples at various bias voltages (a)

-500 V (b) -700 V (c) -900 V (d) -1000 V and (e) -1100 V

3.4 Microhardness Study

Figure 4 shows the surface microhardness data of untreated and nitrided CoCr samples
at various bias voltages. To measure only microhardness of the nitrided layer eliminating
the substrate effect, the applied load was kept fixed to 10 g. The surface hardness of
treated samples with high bias voltages (from -700 V to -1100 V) increased considerably
as compared to untreated CoCr alloy due to the formation of expanded austenite phase.
The maximum hardness value of about 2750 + 9.80 HKo.010 at 10 g applied load was
observed for the sample treated at -1100 V which was about five orders of magnitude
higher that of the untreated sample, 525 + 2.84 HKo.010. The samples treated with -700
V, -900 V and -1000 V exhibited hardness values of 1410 + 11.76 HKo.010, 2230 + 7.12

HKo.010 and 2180 £ 5.56 HKo 010 respectively for the same applied load. The increase in



microhardness while increasing the bias voltage could be attributed to the increase in
nitriding depth and the compressive stress in (y,) phase due to high ion bombardment
[14,39,40]. On the other hand, the surface hardness of the sample treated with relatively
low bias voltage, -500 V exhibited a very low hardness of 550 + 3.34 HKo10, even at a

low load of 10 g due to the very thin nitrogen diffusion layer at this voltage which allows

for substrate hardness interference.
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Figure 4: Microhardness value of untreated and nitrided samples at various bias

voltages.

3.5 Surface Roughness and Tribological Properties

A Dektak profilometer was used to measure the surface roughness of the samples. As can
be seen from Figure 5, the Ra value of the untreated sample was in a range of 15 nm to

20 nm after polishing with (1 um) diamond slurry. The lowest Ra value of 29 nm was



recorded for the sample that was partially nitrided at -500 V whereas the -1100 V sample
showed the highest value of 124 nm. The roughness value of the samples treated with -
700V, - 900 V and -1000 V was found to be 71 nm, 65 nm, and 82 nm respectively. It is
important to note that the roughness value increased two-fold while increasing the bias
voltage from -900 V to -1100 V. The increase in roughness value can be attributed to the
intense bombardment of highly energetic N/H and metal ions at higher bias voltages
which produces a significant surface sputtering effect. The roughness will be further
influenced by the lattice volume expansion due to the incorporation of Nitrogen into the

metallic lattice during the nitriding process. The results summarised in Table 2 clearly

demonstrate this trend where the lattice expansion (%) for both (111) and (200)
0

orientations follows the increase of the nitriding voltage.
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Figure 5: Surface roughness of untreated and nitrided samples various bias voltages.

Figure 6 shows the coefficient of friction () of the nitrided samples at various bias

voltages and the untreated sample. The maximum p value of about 0.8 was recorded for



the untreated sample. Compared to the untreated sample, all the nitrided samples showed
a reduced, almost equal p value of about 0.6, even though the surface roughness of the

coatings increased with increasing bias voltage.

| Untreated 500V 700V 900V 1000V 1100V

Figure 6: Coefficient of friction of untreated and nitrided samples various bias voltages
A Dektak profilometer was used to profile the wear tracks and calculate the wear volume
loss. The wear coefficients (Kc) of treated and untreated samples are shown in Figure 7.
The Kc of the partially nitrided sample, -500V showed a very low friction coefficient of
5.58 x107%® m3N*m™. For the samples treated with high bias voltages (from -700 V to -
1100 V), they were found to be in the range of 10*® m3N-*m™ which was one order of
magnitude lower than that of the untreated sample, Kc = 6 x 10* m3N'm™. The
reduction in wear coefficient values clearly demonstrated that the nitriding has
significantly increased the wear resistance of CoCrMo alloy. However, among the
nitrided samples, the coefficient of wear initially decreased while increasing the bias
voltage from -700 V to -900 V before increasing again when the bias voltage was

increased to -1000 V. These results showed that increasing the bias voltage beyond - 900



V resulted in deteriorating the wear performance. Generally, it is regarded that a material
with high hardness and smooth surface morphology provides better wear resistance.
However, it is very well understood that the compressive residual stress in the nitrided
layer also increases with hardness due to intense ion bombardment when high bias
voltages are used. The high compressive stress can have a detrimental effect on
tribological properties such as wear [42]. Therefore, the deterioration in the wear
behaviour of samples treated with high bias voltages could be attributed to the high

surface roughness and compressive residual stress in the nitrided layers.
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Figure 7: Wear coefficient of untreated and nitrided samples various bias voltages alloy.

4.6 Corrosion performance

The corrosion performance of the untreated CoCrMo alloy and the plasma nitrided
specimens was studied using a potentiodynamic polarization test in Hank's solution.
Figure 8 shows the polarisation curves obtained from these tests. The corrosion

potential Ecorr can be defined as the potential at which the rate of corrosion reactions



such as oxidation and reduction is exactly equal. When two or more different metal or
coating-substrate systems are tested under an identical corrosive environment, the
increase in the Ecorr Value of one such system as compared to its counterparts indicates
an improvement in the corrosion resistance. The corrosion current density (icorr) IS
another important parameter showing the kinetics of the above described corrosion
reactions. Normally, the corrosion rate is directly proportional to the icorr Value. Hence,
lower corrosion currents represent better corrosion resistance. Table 3 lists the
corrosion potential (Ecorr) and corrosion current density (icor) for all the tested
specimens.

The Ecorr value of all the nitrided samples showed a huge increase as compared to the
untreated alloy (-775 mV), except for the partially nitrided sample at -500 V which
showed relatively small increase (-600 mV). The Ecorr Value increased with increasing
bias voltage up to - 900 V before decreasing when the bias voltage was further
increased. The highest Ecorr Value of about -220 mV was recorded for the samples
nitrided at -700 V and -900 V. These samples showed much reduced icorr Values of
7 x 10° mAcm? and 2.40 x 10 mAcm™ respectively as compared to 2.10 x 102
mAcm for the untreated sample. These two samples exhibited a large passivity
immediately after the Ecorr potential in the anodic region, confirming the formation of
a passive film. The icorr value of the -900 V sample was almost one order of magnitude
lower than that of the untreated sample.

On the contrary, the samples treated at higher bias voltages such as -1000 V and -1100
showed slightly reduced Ecorr values of -260 mV and -250 mV respectively as
compared to HLPPN-700V and HLPPN-900V samples. However, it is important to
reiterate that these values are still much higher than that of the untreated alloy.

Moreover, these samples exhibited a completely different corrosion behavior with very



high icor values of 2.3 x 102 mAcm™ and 1.60 mAcm respectively in the anodic
region. The slight decrease in the corrosion potential and high corrosion current could
be attributed to the formation of chromium nitride compounds such as CrN and CrzN
as a result of a high process temperature of about 520 °C due to intense ion
bombardment. These chromium nitride compounds inhibited the formation of a Cr.0O3
passive layer, resulting in high corrosion currents. Similar behavior of high corrosion
current and reduced Ecorr Value has already been observed in 316L stainless steel and
470 ferritic steel when the nitriding temperature was increased from 400 °C and 520
°C[43]. Itisevident from XRD data also that only HLPPN-1000V and HLPPN-1100V
samples contained the chromium nitride compounds as the HLPPN-700V and HLPPN-
900V samples showed no peaks for such compounds.

In summary, as compared to the untreated CoCrMo alloy, the noble Ecor Values and
very low icorr Values of HLPPN-700V and HLPPN-900V samples showed enhanced
corrosion protection after nitriding. Further increase in the bias voltage also exhibited
an improvement in the Ecorr Values as compared to the untreated alloy. However, the
corrosion currents increased very rapidly in the anodic region due to the formation of
chromium nitride compounds, therefore causing deterioration in the corrosion
performance. To the best of the authors' knowledge, research articles discussing the
corrosion performance of CoCrMo alloy due to nitriding is scarce. The available
literatures have mostly shown the deterioration in the corrosion performance of such
alloys [31]. In our study, we have demonstrated that the corrosion resistance of the
CoCrMo alloy can be improved by plasma nitriding carried out at - 700 V and -900 V
bias voltages using HIPIMS technology by avoiding the formation of CrN based

compounds.
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Figure 8: Potentiodynamic polarisation curves obtained in Hank's solution of the

untreated CoCrMo alloy and HLPPN at different bias voltage -700 V to -1100 V

Table 2 Corrosion potential and corrosion current denstity values of various samples

Sample (lrznc% (mk/ogmz)
Untreated CoCrMo alloy -775 2.10 x 107
HLPPN-500V -600 5.20 x 102
HLPPN-700V -220 7.00 x 1073
HLPPN-900V -218 2.40 x 107
HLPPN-1000V -260 2.30 x 102
HLPPN-1100V -250 1.60




Conclusions

1. Low-pressure plasma nitriding of CoCrMo alloy was successfully carried out in an
industrial size coating system using HIPIMS discharge. X ray diffraction analysis of
samples treated with high bias voltages (from -700 V to -900 V) revealed the formation
of typical expanded austenite phase [yn (111) and yn (200)] owing to nitriding. Further
increase of the nitriding voltage to -1000 V and -1100 V lead to the formation of
chromium nitride-based compounds along with the expanded austenite phase due to the
intensified ion bombardment and increase in the process temperature. Samples nitrided
at a relatively low bias voltage of -500 V showed a deposition of a thin (Cr-Nb)-nitride
coating layer due to insufficient re-sputtering and partially nitrided (N solid solution)
layer.

2. Texture analysis of the sample treated at UN = -700 V showed that the predominant
crystallographic orientation of the nitrided layer was (200) whereas at higher voltages
(from -900 V to -1100 V) the layer developed mixed (111) and (200) texture.

3. GDOES measurements of nitrided samples showed that the diffusion depth increased
from 1.2 um to 6 um while increasing the bias voltage from -700 V to -1100 V.

4. The Knoop microhardness (HK) of nitrided samples was increased by a factor of 5
(HKo.020= 2750 + 9.80 at -1100 V) as compared to the untreated substrate, HK=525,
demonstrating the high efficiency of the process.

5. As compared to the untreated sample, the nitrided samples showed one order of
magnitude enhanced wear performance. The sample nitrided at -900 V exhibited
superior wear resistance (Kc = 1.18 x 10® m®N-*m1) with optimum surface roughness
(Ra= 65 nm) and hardness (2230 = 7.12 HKo.o10) values as compared to its nitrided

counterparts and the untreated sample, (Kc =6 x 10 m3N*m)



6. The available literatures on corrosion performance of conventionally nitrided CoCrMo
alloys have mostly shown deterioration in the corrosion performance of such alloys
after the treatment. In this study, we have demonstrated that the corrosion resistance of
these alloys can be improved by HIIPIMS plasma nitriding when carried out at - 700 V

and -900 V bias voltages by avoiding the formation of CrN based compounds.
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