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Abstract

Unlike the state-of-the-art plasma nitriding technologies where a low ionisation glow
discharge is used, nitriding of CoCrMo alloy was carried out in an industrial size vacuum
coater, utilising novel high ionisation, high power impulse magnetron sputtering plasma
discharge mixed with unbalanced magnetron sputtering discharge. Three different nitriding
voltages were used for the nitriding process. To generate more ions, two pairs of Cr and Nb
targets were also operated at low power in N2:Hz gas atmosphere. Dry sliding pin on disc tests
were performed at room temperature to measure the coefficient of friction and to estimate the
wear coefficient. In the case of samples nitrided at lower nitriding bias voltages such as -700
V and -900 V, the oxidative mild wear mechanism was identified as the dominant wear
mechanism. For higher voltage of -1100 V, despite the formation of an oxide based tribolayer
severe abrasion was identified as the predominant wear mechanism due to the operation of
three body contact wear involving high hardness wear particles. Among the three nitrided
samples, the sample nitrided at -900 V was identified as the best with the lowest wear

coefficient of K¢ = 1.11x10-15 m3N"m* and Knoop microhardness of 2230 HKo o1o.



Keywords

HIPIMS, Plasma nitriding, Sliding wear behaviour, CoCrMo alloys, mild wear, mixed metal
oxides



( w) mus weurey 1 W-NeWl g1-0bx 2¥'y = OM
0001 006 008 00L 009 00S 00F 00E 00T leam a1anes

‘SyoeI0 alow ‘A 00LL- : selg
pajeanun
: , oBIeyosip INGN/SINIIH paxiw Aq BulpLN
! \ £olle o100 s wan s
i \ 8 \ X s X
[ 5 S / Joke| uoisnyig Y
| g o h ° . +~—————1ake| punodwon N
] o0 ) 20BLINS UIO
! T W NeWeObx bl =9) (W, NeWl 6,0bx 8L°Z =M ® HiT oM
! 5 12OM DIL ‘SHOBIO Jeam pjiw / K
| m OU JSOW|e ‘A 006- : SBlg  ‘S}0eld M3} ‘A 00.- : selg slgep Jespn
| g _ g 5
i sseusfoIy} JoAe| papLYIN g 5
; L ‘
. ” ! _ ‘ Z|\X|7
“010 snoydioury ’ | —A+NZ 2 .N) Xn|j uoj
¢ g 1
o Wighp t —A>v selq ejensqng
N
sligep Jeam — sisAjeue uewey sebew! IS gl4 — Wsiueyos|y Jespn & SWIdIH S

SIWIdIH



1. Introduction

CoCrMo alloy (ASTM F-75) is widely used for various biomedical applications such as knee
implants due to its high fatigue, tensile strength, and superior corrosion resistance. Despite
all these advantages, these alloys release toxic, carcinogenic Co and Cr elements during tribo-
corrosion, which may induce adverse biological reactions in vivo [1-3]. In addition, the
longevity of an implant is dependent on various patient-related factors such as age, certain
complicated medical conditions that affect the knee implants and inappropriate day today
activities which exert excessive stress on the implants [4]. These factors may lead to revision
surgery which is a complex procedure that requires meticulous preoperative planning,
specialized implants and tools, and an expert knee surgeon to achieve a good result.
According to S. Kurtz et al., by 2030, the number of total knee replacement surgeries is
projected to grow by 673% to 3.48 million procedures and the number of knee revisions
surgeries is expected to increase by 607% even though the success rate of revision surgeries
is very small [5]. Therefore, implant manufacturers are constantly endeavouring to develop a
better implant with increased longevity.

In addition to superior corrosion resistance, better tribological properties are vital for
eliminating the metal ion release during the tribo-corrosion of the implants in vivo. It is well
known that plasma nitriding, a surface hardening technique, produces hard surfaces with
enhanced wear resistance and load bearing capacity [6-9]. Ronghua et al. reported the
improvement in the wear resistance of CoCrMo alloys by employing a novel high intensity
plasma ion nitriding technique, which produced thicker nitrided layers than the conventional
plasma nitriding process [6]. Celik et al. reported the near-continuous, well-adhered
chromium rich oxide layer formed on the surface enhanced the wear resistance of plasma
nitrided CoCrMo alloy [7]. Ba et al. had attributed the adhesive wear mechanism to untreated

specimen while assigning the fatigue wear, abrasive wear and slight adhesive wear



mechanisms to nitrided layers [8]. However, publications discussing the mechanisms
governing the wear behaviour of plasma nitrided CoCrMo alloy are still very limited. Hence
the current research is to shed more light on the evolution of tribolayers and its impact on the

wear behaviour of such alloys.

In the current study, a novel low pressure (in the 10 mbar range, which is three orders of
magnitude lower than that of the conventional glow discharge process) mixed high power
impulse magnetron sputtering (HIPIMS) and unbalanced magnetron sputtering (UBM)
technique was used for the nitriding of CoCrMo alloys. The advantage of using HIPIMS for
nitriding is that it can generate highly ionised plasma which facilitates faster nitrogen
diffusion. Three different nitriding voltages were used for the nitriding process. Pin on disc
dry sliding method has been used to analyse the surface and sub-surface shear behaviour
during the wear process and to prediction of the load bearing capacity of the nitrided
specimens. This dry sliding wear test is favoured rather than using the simulated body fluid
since the best nitrided surface with enhanced properties from this study will undergo a top
coating process using mixed HIPIMS/UBM technology, resulting in duplex layers. Hence,
the nitrided layer will never encounter the actual synovial fluid in vivo. Nevertheless, it is
essential to understand the tribological properties of the nitrided layers to optimize the

process parameters for the nitriding process.
2. Experimental details

2.1 Nitriding

HIPIMS enhanced plasma nitriding (HIPN) of CoCrMo (ASTM F75) alloys was carried out
in an industrial size physical vapour deposition (PVD) machine (Hauzer Techno Coating
1000-4, The Netherlands) enabled with HIPIMS technology at Sheffield Hallam University.

This system is equipped with two HIPIMS power supplies (TRUMPF Hiittinger Elektronic),



two UBM power supplies and a bias power supply with an arc suppression unit [10]. The
substrates were subjected to three-fold rotation by mounting on a rotating table located at the
centre of the chamber. Prior to the plasma nitriding, surface pre-treatment using HIPIMS
plasma discharge was also carried out to remove any kind of native oxide layers from the
substrate surface. During this step, the substrates were subjected to intensive bombardment
by Ar" and Cr*ions generated by HIPIMS discharge on a Cr target [11,12]. The nitriding was
carried out in a mixed N2/H> (85:15) atmosphere by maintaining HIPIMS discharge on one
pair of Cr and Nb targets and UBM discharge on a second pair of Cr and Nb targets for 4
hours. The power applied on both HIPIMS and UBM cathodes was 2 kW. The choice of the
target materials was made based on the idea to combine the plasma nitriding step with a
coating deposition step in a duplex process carried out in one PVD unit. Our previous
research has demonstrated that the nanoscale multilayer CrN/NbN coating deposited on
medical implants from non-treated CoCrMo alloy have shown exceptionally high
performance, [13] hence the Cr and Nb target material combination. The reactive gas flow
rate was precisely controlled using plasma emission monitoring and a control system,
"Speedflo” manufactured by Gencoa Ltd. UK. The nitriding voltage was varied from -700 V
to -1100 V in order to provide ion bombardment at different energies. The temperature and
the total pressure were kept constant at 400 °C and 8.3 x 10" mbar respectively. Prior to
loading into the chamber, samples were mirror polished (1 um diamond paste) and
ultrasonically cleaned in an automated industrial size cleaning line containing several baths
with different industrial detergents (alkali solutions) and deionised water to remove all
contaminants (mostly organic in nature such as oils) from the surface. The degreased samples
were dried in a vacuum chamber at 80 °C for 20 minutes. Three different nitriding voltages of
-700 V, -900 V and -1100 V were used for the nitriding process. Hereafter, these samples are

called as HIPN-700 V, HIPN-900 V and HIPN-1100 V, respectively.



2.2 Characterization techniques

The following advanced highly precise analytical techniques were employed to characterise

the all nitrided and untreated CoCrMo samples.

A pin on disc tribometer (CSM Instruments SA) was used to measure the dry sliding
friction coefficient () at room temperature of about 26 °C and relative humidity of
25%. Various sliding distances such as 0.5 km, 0.75 km, 1 km and 2 km were used to
thoroughly understand the evolution of the tribolayer during dry sliding of untreated
CoCrMo alloy. This wide range of sliding distances was selected in order to make
sure that all the stages of the wear process such as run-in and steady state stage were
properly investigated. Tests at shorter sliding distances were also done to avoid
perforation of the nitrided layer and thus reading data from a mixed nitrided and
substrate material combination was avoided. A 6 mm diameter ball from inert Al2Os
material was used as a counterpart under a fixed load of 5 N. The mean value of the
three tests was adopted as the result.

A Dektak-150 stylus profiler (CSM Instruments SA) was used to measure the surface
roughness of the samples, profile the wear track and estimate the wear volume loss.
Coefficient of wear K¢ was calculated using the following relation: K. = Wear volume
loss, (m®) / Load x Sliding distance, (Nm). This coefficient is based on the assumption
that the wear volume varies directly with the contact load and the sliding distance
[14].

A Knoop micro-hardness tester (Mitutoyo) was used to obtain the hardness of the
nitrided samples. The applied load was 10 g for all the measurements.

The thickness of the nitrided layers, surface and subsurface morphology was

investigated using a focused ion beam milling enabled scanning electron microscope



(FEI FIB-SEM). Cross-sections and longitudinal sections were prepared by focused
ion beam milling using Ga ions at an angle of 52°.

e Energy dispersive spectroscopy was used for the chemical analysis of worn untreated
samples.

e X-ray diffraction analysis of worn surfaces of all nitrided and untreated CoCrMo was
carried out using an Empyrean X-ray diffractometer (Malvern Panalytical) with Co
source. Bragg-Brentano (6-20) geometry was used for the measurements. An optical
microscope was used to focus on the area of interest. Special capillary incident beam
optics was used to produce a very small sized x-ray beam, thereby increasing the x-
ray flux per unit area.

e Raman spectra were recorded using a Horiba Jobin Yvon (HR 800) Raman micro-
spectroscope. The sample was irradiated with a green laser of 520 nm wavelength in
order to excite the molecules in the region of interest. A 50 % transmission filter was
utilized to limit the intensity of the laser. The exposure time of the sample to the laser

was approximately 100 S.

3. Results and discussion

3.1 Effect of tribo-layer formation on the tribological properties of untreated CoCrMo
alloy

Fig.1 shows the friction curves of untreated CoCrMo alloys obtained from pin on disc dry
sliding tests run at various sliding distances. The wear coefficient (Kc) was calculated using

the wear volume measured by the Dektak profilometer.

1) 0.5 km sliding distance:
The friction curve for the sample tested at 0.5 km sliding distance, (Fig. 1a) exhibited

two different regions: a run-in period followed by the first steady state region. At the start of



the run-in period, the friction coefficient was very low for a short duration due to the
presence of an ultra-thin initial air-formed film, which then slowly increased to 0.75 and
remained in that range for a while in the first steady state region. This increase in friction
coefficient may be attributed to the interaction of the asperity contacts present on the
CoCrMo substrate with alumina ball after the removal of the initial air-formed film.
Subsequently, the asperity contacts are broken down into fine debris and further fragmented,
leading to three body abrasion. The wear coefficient was about 1.1x10"2® m3N*m? in this
region. The nature of the sliding contact determines the wear regime such as severe and mild.
The severe wear observed during the run-in period and first steady state period was due to the

direct alumina-CoCrMo metallic contact made in the absence of an oxide film.
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Figure 1. Friction curves of untreated CoCrMo alloy with various sliding distances a) 0.5

km, b) 0.75 km, ¢) 1 km, d) 2 km
The plan-view SEM micrograph of this sample, Fig. 2a, shows the wide and deep grooves
formed due to ploughing, parallel to the sliding direction during abrasive wear (white arrow
in the figure indicates the sliding direction). Also, these grooves are found to be filled with
pulverized asperity contact wear debris due to their smearing by the stationary counterpart.
Generally, the oxidized area looks brighter during SEM observation due to electric charge
accumulation as a result of reduced electric conductivity of such a surface. In this sample, the
worn area looked little brighter as compared to the unworn area. However, the energy

dispersive X-ray (EDX) analysis revealed only the presence of the main alloy elements Co,

Cr and Mo but did not detect any oxide formation in the wear track at this stage.

500 pm

S00/pum

Figure 2. Plan view SEM images of worn surfaces of untreated CoCrMo alloy a) 0.5 km,
b) 0.75 km, ¢) 1 km, d) 2 km

10



2) 0.75 km and 1 km sliding distance

The friction curve at the longer sliding distance of 0.75 km showed three distinct
regions namely run-in, with continuously increasing friction coefficient; steady state where
the coefficient of friction remained almost constant followed by an unsteady state region
where huge variations of the friction coefficient were observed. The length of the unsteady
state region further increased for the sliding distance of 1 km. It is important to highlight that
the maximum value of [ in this region was found to be around 1. Generally, the wear debris
generated during the run-in period are further compacted into very fine agglomerates while
increasing the sliding distance. The volume of the wear debris also increases but more
importantly they also intensively oxidize due to the high flash temperatures at the asperity
contacts. At the same time, a thin oxide film also grows on the clean worn CoCrMo surface,
which is periodically removed, and a fresh clean surface is exposed on each wear traversal.
This oxide layer, along with the above said wear debris particles, is then fragmented and
compacted onto the worn surface to form slightly raised ‘islands’. The area, number and
thickness of these islands increase with increasing sliding distance. The complex and
repeated interactions between the wear debris, oxide layer and oxide islands with the alumina
ball could be the reasons for the unsteady state region with huge fluctuation in friction values.
In this region, a transition from a severe to a mild wear regime was observed depending on
the extent of the oxide layer formation. The wear coefficient of 0.75 km test was found to be
9x10* m3N-m* when the worn surface is dominated by non-continuous 'raised islands'. The
Kc further decreased to 6.4x10%* m3N-*m™ when the continuity and compactness of these

islands further increased while increasing the sliding distance to 1 km.

Plan-view SEM image (Fig. 2b) of the wear track of 0.75 km sample confirmed that
the wear surface was only partially covered with compacted wear debris forming isolated

“islands” whereas the remaining surface showed morphology of fine grinding which is
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typical for three-body sliding contact wear. Also, Fig. 2c confirmed the formation of a
compacted, non-continuous layer when increasing the sliding distance from 0.75 km to 1 km.
The worn surfaces appeared to be relatively rough with distinct dark and bright areas (most
likely due to the formation of oxides). The observation of oxygen along with the substrate
constituents by EDX analysis confirmed that these worn surfaces were in fact oxidized.
Cross-section SEM analysis (Fig. 3a and 3b) revealed that the thickness of the islands (0.75

km) and the compacted layer (1 km) was 0.3 um and 0.7 pm, respectively.

Figure 3. Cross-section SEM images showing tribolayers on the worn surfaces of
untreated CoCrMo alloy a) 0.75 km, b) 1 km, c¢) 2 km

3) 2 km sliding distance

In the second steady state region Fig. 1d, the friction coefficient value dropped
considerably to 0.85 immediately after 1 km and continued to slowly drop further with very
little variation while increasing the sliding distance to 2 km. The mean p value was found to
be 0.83 and this drop could be attributed to a smooth, near-continuous oxide layer formed as

the extent of this layer is further increased in this region. Hence, the CoCrMo substrate made

12



occasional contact with the alumina counterpart, resulting in a very low Kc value of 2x104

m3N~m=.

The worn surface was found to be much brighter as compared to its counterparts,
clearly demonstrating that the surface is heavily oxidized (Fig. 2d). This oxide layer appears
to be uniform, compact and near-complete without any interruptions. The EDX analysis also
confirmed that this layer is a mixture of oxygen and other substrate elements. The thickness

of this layer was about 1.2 um (Fig. 3c).

In summary, the friction coefficient value increased sharply after 0.5 km and
remained high for a while, which then considerably decreased as the sliding progressed. The
friction behaviour and the coefficient of friction values in the above explained individual
regions remained almost unchanged for all the four sliding distances. All the four curves
showed an almost identical run-in period of about 400 m length followed by the first steady
state region of about 100 m length. Usually, the friction coefficient tends to be lower in the
mild wear regime than that observed in the severe wear regime. However, it has been
reported that the oxide layers do not always reduce the friction coefficient [15]. In this study,
the friction coefficient in the mild wear regime is found to be higher than that in severe wear.
Nevertheless, the growth of the oxide layer decelerated the wear of untreated CoCrMo alloy.
The characteristic dry sliding wear mechanisms involving adhesion, abrasion, severe plastic
deformation along with oxide tribolayer formation determined the wear behaviour of the

CoCrMo alloy at the various stages of sliding test.
3.2 Properties of nitrided and untreated CoCr alloys

3.2.1 Raman and XRD analysis of worn samples

13



X-ray diffraction and Raman analysis were used to investigate the phase composition
of the wear debris formed on the worn surfaces of the untreated CoCrMo substrate and
nitrided samples after sliding for 2 km. The Raman spectra of the worn surfaces are shown in
Fig 4a. All the samples showed Raman peaks originating from chromium and molybdenum
based oxide compounds, however, with slight shift in their positions. Table 1 lists the
assignment of various Raman peaks to such oxide compounds. Raman peaks originating from
MoO; was observed in the 455 cm™ - 480 cm™ region. The characteristic Raman peak of
Cr,0; was observed in the range of 532 cm™ to 551 cm™ [16-19]. The peak observed
between 650 cm™ and 680 cm™* could be originating from Cr,O3 and/or MoOs [20-21].
Also, a peak observed between 800 cm™ and 900 cm™ was assigned to various chromium

based oxides such as CrO, CrOzand CrgO2; as they overlap each other [22-25].

(@)

Amorphous CrO,

Intensity (arb.units)

Relative Intensity (arb.units)

Untreated

200 300 400 500 600 700 800 900 1000 35 40 4 50 55 60

Raman Shift (cm ) 2Th[’]

Figure 4. a) Raman spectra and b) XRD diffraction pattern of worn surfaces of various

nitrided alloys
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Table 1. Assignment of various Raman peaks to respective oxide compounds formed on the

worn surfaces of untreated and nitrided alloys (sliding distance: 2 km)

Sample Raman shift (cm™) Peak assignment
457 MoO;
Untreated CoCrMo substrate 532 Cr203
652 Cr203zand/or MoOs3
between 800 cm™and 900 cm? Cr based oxides
475 MoO-
544 Cr203
HIPN-700vV 679 Cr,0zand/or MoO3
between 800 cm™and 900 cm™ Cr based oxides
463 MoO;
534 Cr203
HIPN-300V 657 Cr,0z and/or MoO3
between 800 cm™ and 900 cm™ Cr based oxides
475 MoO;
551 Cr203
HIPN-1100V 667 Cr,0sand/or MoOs

between 800 cm™and 900 cm™

Cr based oxides

Fig. 4 b shows the XRD patterns of worn surfaces after sliding for 2 km. Table 2
shows peak positions and their assignment to respective oxides. Diffraction peaks due to the
formation of Cr and Mo based oxide compounds were observed for all the samples including
untreated CoCrMo substrate. However, the diffraction patterns of nitrided samples showed
significant differences between them in the peak number, peak position and the composition
of oxide compounds formed on the worn surfaces. These differences could be mainly due to
the degree of oxidation and the nature of the oxide compounds formed on the selected area of
interest for the XRD measurement as only a fraction of the worn surface was analysed. The
XRD pattern of the untreated CoCrMo substrate also revealed the formation of a Co (major
substrate constituent) based oxide compound. These results, along with Raman analysis
confirmed that the tribolayers formed on the worn surfaces are indeed oxidized compounds of

CoCrMo alloy [26-29]. Also, it is important to that note that both Raman and XRD analyses
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did not detect alumina on the worn surfaces of the nitrided specimens. Hence it can be argued

that the wear of inert alumina counterpart is marginal.

Table 2 Assignment of various XRD peaks to respective oxide compounds formed on the

worn surfaces of untreated and nitrided alloys (sliding distance: 2 km)

Sample Peak Position Peak assignment
44.2° Co0304
45.7° Cr203

Untreated CoCrMo substrate 48.3° MoOs
52.7° Cr,03
54.7° MoOs3
47 .4° Cr,03
48.6° MoOs3

HIPN-700V 49 9° MoOs
52.7° Cr,03
36.2° Cr,03
HIPN-900V 55 o MoO3
45.9° Cr03
46.7° MoO3
HIPN-1100V 5 5o CrOs
55.2° MoO3

3.2.2 Surface morphology of the worn surfaces
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Figure 5. Plan view SEM images showing worn surfaces of CoCrMo alloy (sliding
distance: 0.5 km) nitrided at various bias voltages a) -700 V, b) -900 V, c) -1100 V

The dry sliding pin on disc tests of nitrided samples were run for 0.5 km and 2 km to
elucidate the effect of sliding distance on the tribological behaviour of the treated alloys. The
wear scars generated during these tests were analysed using scanning electron microscopy.
The plan view SEM images of the wear tracks of all nitrided samples after sliding for 0.5 km
are shown in Figure 5. As explained in Sec. 1, during the initial stages of the tribo-test, the
asperities on the surface are ground out and the wear debris oxidized under favourable
conditions after the removal of the initial air-formed film. Subsequently, a tribolayer is
formed due to the adherence of wear particles to the parent worn surface through the process
explained in Section 1. When imaged using SEM, the surface also exhibited dark and bright
areas (electric charge due to oxygen). The wear scars of the samples treated with -700 V and
- 900 V showed a relatively smooth surface, characterised with shallow grooves and very fine

micro cracks, which is typical for fine polishing. This wear behaviour could be due to the
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initial smooth surface morphology of these samples with roughness (Ra) values of about 71
nm and 65 nm when nitrided at bias voltages of -700 V and - 900 V respectively. In this case,
it can be argued that due to the small size of the wear debris, they do not inflict severe
damage by micro-cutting but are mostly compacted onto the worn surface of the parent
material in the tribo-contact to form very thin layers. Therefore, it is believed that the
predominant wear mechanism in this case is two-body rather than three-body even though the
wear debris are still generated. In contrast, the deformation grooves found in the wear tracks
on the sample nitrided at higher bias voltage of -1100 V were wider and deeper when
compared to HIPN-700 V and HIPN-900 V samples. This difference is attributed to the
higher initial surface roughness obtained when higher nitriding bias voltages are applied. The
increased roughness in these conditions results from the more intensive bombardment of the
nitrided surface by highly energetic N/H and metal ions which produce a significant surface
sputtering effect. The roughness is further influenced by the lattice volume expansion due to
the incorporation of nitrogen into the metallic lattice during the nitriding process. Therefore,
further increase of the surface roughness to Ra = 124 nm due to the application of higher
nitriding bias voltage of -1100 V, resulted in severe wear damage due to the operation of
three body contact abrasive wear mechanism, Fig 5c. The wear scar in this case was very

rough with debris of different shapes as reported by Li et al. [30].
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50 pm

Figure 6. Plan view SEM images showing worn surfaces of CoCrMo alloy (sliding
distance: 2 km) nitrided at various bias voltages a) -700 V, b) -900 V, c) -1100 V

Figure 6 summarises the SEM images of the worn surfaces of all nitrided samples after
sliding for 2 km. As expected, the extent of the wear damage and oxidation has increased

with increasing sliding distance for all three samples.

3.2.3 Subsurface analysis of worn surfaces

The subsurface structure of all nitrided samples after sliding for 2 km was investigated using
a Focused lon Beam milling (FIB) enabled Scanning Electron Microscope. The distinct
tribolayers formed on the worn surface of all nitrided samples can be clearly seen in Figure 7.
The tribolayer formed on HIPN-700 V sample is comprised of semi-compacted, coarse, small
scale wear debris particles generated during dry sliding [Fig. 7a]. On the contrary, the
tribolayer formed on HIPN-900 V sample appears to be fully compacted, relatively smooth

without any coarse wear debris particles [Fig. 7b]. The HIPN-1100 V sample showed a
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tribolayer with an extremely rough surface which consisted of largescale wear debris particles

[Fig. 7c].

Figure 7. FIB cross-section SEM images showing tribolayers formed on the worn
surfaces of CoCrMo alloy (sliding distance: 2 km) nitrided at various bias voltages a) -
700V, b) -900 V, ¢) -1100 V
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Figure 8. FIB cross-section SEM images showing surface and subsurface morphology of
worn areas of CoCrMo alloy (sliding distance : 2 km) nitrided at various bias voltages a) -
700V, b) -900 V, ¢) -900 V (longitudinal), d) -1100 V, e) -1100 V (longitudinal)

Fig. 8a shows a micro crack initiated on the worn surface of the sample (where the tribolayer
appears to be thin) nitrided at -700 V and its propagation towards the soft CoCr substrate. A
micro void can also be seen close to the nitrided case-substrate interface. In contrast, no
surface initiated or subsurface micro cracks were found in this particular worn area for the
HIPN-900 V sample [Fig. 8b]. A thorough investigation of the entire wear track by
longitudinal FIB cross sectioning discovered only a few subsurface cracks parallel to the
sliding direction, formed due to the shear deformation of the nitrided layer [Fig. 8c]. In
comparison with the nitriding at bias voltage of -700 V, the nitriding at higher bias voltage of
-900 V has produced a layer with clearly enhanced ductility. However, the nitrided layer
ductility deteriorated when the nitriding voltage was further increased. FIB cross sections of
the wear track produced in both directions (longitudinal and perpendicular) to the sliding

showed that the sample produced at nitriding voltage of -1100 V was severely damaged with



micrographs showing an increased number of surface cracks [Fig. 8d] and cracks

propagating through the entire nitride layer towards the substrate [Fig. 8e].

3.2.4 Wear mechanism

Table 3 lists the thickness, microhardness, average coefficient of friction (1) and coefficient
of wear values (Kc) of all samples for both sliding distances. A Knoop micro-hardness tester
was used to obtain the hardness of the nitrided samples. The applied load was 10 g for all the
measurements. Cross-section SEM analysis were carried out to measure the thickness of the
nitrided layers (micrographs not shown here). More information on microhardness and
thickness measurements of the nitrided samples can be found in our previous research study
[31]. Figure 9 shows the friction coefficient curves of CoCrMo alloy nitride at various bias
voltages after sliding for 0.5 km and 2 km respectively. As expected, the p and Kc values
decreased while increasing the sliding distance from 0.5 km to 2 km. However, these values
from 2 km tests were considered for the discussion since the effect of the oxide tribo layer is
more pronounced at such a long sliding distance. The wear behaviour of nitrided metallic
alloys depends on the type (compound and/or diffusion), hardness and thickness of the
nitrided layers along with the characteristics of the tribo layer. It is expected that a hard and
thick nitrided layer along with a well-adhered smooth top oxide layer would exhibit better
wear performance during sliding. In the case of nitrided stainless steel alloys, it has been
reported that the diffusion zone is solely responsible for the wear resistance, fatigue strength

and the load bearing capacity of steel components in the absence of a compound layer [32].
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Table 3 Thickness, mechanical and tribological properties of various nitrided alloys
Friction Coefficient (L) Wear CO? ff_|1c |e_?t (Ke)
. . m°N™m
Thickness| Microhardness
Sample m HK
H 0010 0.5 km 2 km 0.5 km 2 km
HIPN-700V 1 1400 0.72 0.61 4.2x10°1 2.18x10°
HIPN-900V 1.8 2230 0.65 0.62 1.98x10% | 1.11x107"°
HIPN-1100V 3.7 2750 0.65 0.59 8.58x10° | 4.42x10°%

As anticipated, all nitrided samples showed increased wear resistance due to increased

hardness as compared to untreated CoCrMo alloy. In all the cases, the wear debris generated

from the nitrided case participated in the wear process rather than that of inert alumina

counterpart as it did not undergo severe wear [Refer Sec. 3.2.1]. The micro crack observed at

the nitrided layer/CoCrMo substrate interface in HIPN-700 V sample, (Fig.7a) could be

attributed to the fatigue failure at the interface due to tensile stresses developed in the
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CoCrMo base material during the sliding test since this is the thinnest nitride layer among the
three samples of about 1 um, including a very thin diffusion layer. The micro hardness of this
sample was also found to be very low, in the range of 1400 HKo.010. This sample exhibited
the p and Kc values of 0.61 and 2.18x10*® m3N™'m, respectively. Despite showing few
typical surface and/or subsurface cracks, the sample nitrided at -900 V exhibited the lowest
Kc of about 1.11x10°"® m3N*m™ with p of 0.62. The microhardness, 2230 HKo.10, Of this
sample is much higher than that of HIPN-700 V sample. Thus, the smooth oxide tribolayer
formed on the worn surface is well supported by the underlying 1.8 um thick hard nitrided
layer. It is important to reiterate that this sample generated more nanoscale debris during the
asperity contact at the beginning of the wear process due to smooth surface morphology
rather than large scale wear debris particles which facilitate severe wear. Hence, in this case,
it can be argued that the oxidative mild wear appears to be the dominating wear mechanism
rather than micro abrasion. Also, this sample showed a distinct bright, relatively thick
diffusion layer beneath the compound layer and clearly enhanced ductility as discussed in
3.2.2. The enhanced ductility of the nitride zone in this case provides for the increased load
bearing capacity of such material. Therefore, the synergy of enhanced hardness, oxidative
mild wear and ductility resulted in increased load bearing capacity which in turn enhanced

the wear behaviour.

It is well understood that using higher nitriding voltages such as -1100 V results in the
formation of a thicker nitrided layer with increased hardness which naturally is related to the
increased residual stress [33]. The hardness and thickness of this sample was 2750 HKo.010
and 3.7 um, respectively. The increase in the hardness could also be attributed to the
formation of CroN compounds (observed by XRD, not shown here) at such high voltages.
The formation of CroN compounds at high bias voltages and their effect on the properties of

nitrided alloys has been extensively discussed in our previous research work [31]. The
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friction and wear coefficient of this sample was 0.59 and 4.42x10"%> m3N- m, respectively,
which represents a nearly four-fold increase as compared to the HIPN-900 V sample. As
already discussed in 3.2.1, this samples produced large scale wear debris particles at the
beginning of the wear process as these nitrided layers are very rough, brittle and fragile due
to increased hardness and residual stress. These large-scale wear particles further aggravated
the wear loss as the sliding progressed. Even though the HIPN-1100 V samples showed
almost a factor of two thicker nitrided case compared to HIPN-900 V sample, the wear
behaviour was dominated by the combined effect of higher surface roughness, hardness and
residual stress levels which lead to poor wear resistance due to the operation of a severe three
body micro abrasion wear mechanism rather than oxidative wear despite the formation of

oxide tribolayer during sliding.

4. Conclusions
* The wear resistance of the untreated CoCrMo alloy increased while increasing the
sliding distance from 0.5 km to 2 km. The coefficient of wear was found to be 2x10%4
m3N-1m for 2 km which is one of order magnitude lower than that of 1.1x10%3 m3N-
!m™ for 0.5 km. This enhancement could be attributed to the formation of a near-
continuous, compact oxide tribolayer for the longest sliding distance of 2 km.

e Raman spectroscopy and XRD analysis of the untreated and nitrided worn surfaces
confirmed the formation of substrate material-based oxide components such as Cr,0s,
MoO- and MoOz. The XRD pattern of the untreated CoCrMo substrate also revealed
the formation of Co (major substrate constituent) based oxide compound. The nitrided
samples are free of such Co based oxide compounds.

e All the nitrided samples exhibited enhanced wear resistance as compared to the

untreated CoCrMo alloy. Among the three nitrided samples, the sample nitrided at -

900 V was identified as the best with the lowest wear coefficient of Kc = 1.11x10™%°
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m3N™m, thickness of 1.8 pm and Knoop microhardness of 2230 HKg010. The wear
resistance and the load bearing capacity of the nitrided layers are strongly influenced
by its microhardness and ductility. In this case, the oxidative mild wear mechanism
was identified as the dominant wear mechanism. The FIB-SEM analysis of the worn
area of this sample showed near-scratch free surface and subsurface layers, indicating
the enhanced ductility. The synergy of enhanced hardness, oxidative mild wear and
ductility resulted in increased load bearing capacity which in turn enhanced the wear
behaviour.

e Even though, the HIPN-1100 V sample showed almost a factor of two thicker nitrided
case and enhanced hardness value of 2750 HKo.010 compared to HIPN-900 V sample,
the surface roughness of this sample was very high. In this case, the wear behaviour
was dominated by the combined effect of higher surface roughness, hardness and
residual stress levels which lead to poor wear resistance due to the operation of a
severe three body micro abrasion wear mechanism, involving mainly nitrided layer
wear debris rather than oxidative wear despite the formation of oxide tribolayer

during sliding.
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