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CoCrNi-based medium entropy alloys (MEAs), as one of the derivatives of the Cantor (FeNiCoCrMn) high
entropy alloy, have attracted extensive research interest due to their remarkable mechanical properties and
outstanding radiation and corrosion resistance. In this work, scratch and wear testing was carried out on
various MEA CoCrNi coatings (of different thicknesses, both with, or without, the presence of a Ti
interlayer) to study the effects of both coating thickness and the inclusion of the Ti interlayer on scratch
adhesion strength and wear performance. For the MEA coatings directly deposited onto the substrates, the
coating adhesion strength weakened with an increase in coating thickness. Counterintuitively, the intro-
duction of a Ti interlayer was found to be detrimental for the scratch adhesion strength compared with the
samples prepared without an interlayer, where severe surface fracture was observed for the thicker MEA
CoCrNi coatings. Additionally, the wear results show that thinner CoCrNi or CoCrNi/Ti coatings
demonstrate better wear resistance than their thicker counterparts. It is believed that the residual com-
pressive stresses present in these coatings contribute a significant role in influencing their wear perfor-

mance.
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1. Introduction

High entropy alloys (HEAs), which are commonly defined
to consist of five or more principal metal elements with each
element having a concentration ranging from 5 to 35 at.%, have
recently generated extensive attention due to their appealing
properties and potential applications (Ref 1-7). Following the
initial discovery of HEAs, ternary systems, referred to as
medium entropy alloys (MEAs), have emerged. CoCrNi, as one
of the most investigated MEAs, exhibits very attractive tensile
behavior and fracture toughness under cryogenic conditions,
exceeding those of the majority of both HEAs and MEAs.
Recent studies have shown that the exceptional mechanical
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properties of the single face-centered cubic (FCC) phase
CoCrNi MEA can be attributed to the effects of twinning
induced plasticity (Ref 8-12), leading to the formation of a 3D
twinned structure following deformation. This composition also
exhibits excellent resistance to environmental degradation due
to the high concentration of corrosion-resistant elements (Cr
and Ni) (Ref 2). More recently, modifications such as the
addition of gadolinium (Ref 10) or the incorporation of second
phases, such as h-BN to form CoCrNi/h-BN composites (Ref
9), have been proposed with the objective to further enhance
the mechanical properties of CoCrNi-based alloys.

Most HEAs (as well as MEAs) are fabricated in bulk form
through methods such as arc melting, casting, vacuum induc-
tion melting and powder metallurgy, which incur high costs of
both raw materials and energy (Ref 8). Investigations concern-
ing the deposition of high-performance HEAs and MEAs thin
films on to low-cost metal substrates have attracted recent
interest (Ref 3-6). In addition to cost efficiency, these films also
exhibit excellent mechanical properties, compared to their bulk
counterparts. Recently, several techniques have been used to
prepare HEA and MEA films and coatings, including mag-
netron sputtering, laser cladding, thermal spray, etc. (Ref 13-
19).

Since adhesion is one of the key issues in the performance
of coatings, it is a common strategy to enhance adhesion
strength at the coating-substrate interface, particularly for
nitride hard coatings, by incorporating a metallic interlayer,
such as elemental materials like Ti or Cr (Ref 20, 21). For
instance, Bull et al. determined the effect of a Ti interlayer on
the adhesion behavior of TiN coatings (Ref 22). They attributed
the enhanced adhesion strength of the TiN coatings that
incorporated a Ti interlayer, to the effects of chemical getting
and mechanical compliance of the soft Ti layer. That is, firstly,
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the interlayer can lead to the dissolution of the residual oxide
layer present on the surface of the substrate. Secondly, it is
evident that the metallic interlayer can act as a relatively soft
compliant layer to reduce the shear stress across the coating-
substrate interface and so hinder crack propagation in the
interfacial region. Additionally, a number of investigations have
been performed to study the effect of interlayer thickness on the
mechanical behavior, residual stress, adhesion and toughness of
nitride-based coating systems (Ref 20).

In addition to the presence of interlayers, coating thickness
is also one of the critical parameters which affects the degree of
residual stress present in physical vapor deposited (PVD)
coatings. This, in turn, influences the stress field distribution
under contact loading. It is suggested that there may be an
optimal coating thickness to maximize performance since the
PVD coating microstructure and mechanical behavior are
dependent on thickness (Ref 22, 23).

In our previous investigation, MEA CoCrNi coatings of
different thickness were deposited onto AISI M2 steel substrate
using a DC magnetron sputtering system. The incorporation of
a titanium interlayer in these coatings was shown to induce
grain refinement leading to a structure of fine columnar grains
(Ref 1, 2). Nanoindentation results showed that the coating
thickness had marginal effect on both hardness and elastic
modulus of the CoCrNi coatings. However, an incorporation of
a Ti interlayer into the CoCrNi coatings led to a marginal
decrease in both values. Further, coating thickness was shown
to affect the integrity of the coating system under loading,
especially for the thicker MEA CoCrNi coatings either with or
without the Ti interlayer. Zhao et al. investigated the wear
behavior of a CoCrNi medium entropy alloy coating deposited
onto S083Al alloy substrate by resistance seam processing (Ref
24). They showed that the mean hardness of the MEA coating
was 775 HV,, and the average wear rate of the MEA CoCrNi
coating was 2.47 x 10~* mm*/Nm, which was ~ 10 times
larger than that of the uncoated alloy. Further, Pan et al.
reported the wear response of fine-grained CoCrNi MEA
against Inconel counterparts at temperatures between room
temperature and 300 °C. They determined that the wear rate
decreased as temperature increased and attributed the reduced
wear rates and friction coefficient to the formation of surface
layer generated through a tribo-chemical process (Ref 11).
However, the effects of parameters such as coating thickness or
the presence of a Ti interlayer on the scratch adhesion strength
and wear performance of MEA CoCrNi coatings have not been
investigated. In the present work, we report on the scratch
response and wear behavior of MEA CoCrNi coatings, 1 and
3 um in thickness, both with and without an incorporation of Ti
interlayer. The underlying mechanisms determining the scratch
and wear response of the CoCrNi coatings are discussed.

2. Experimental Details

MEA CoCrNi coatings were deposited onto AIST M2 steel
substrates via a DC magnetron sputtering system. The CoCrNi
target current (DC) was maintained at 4.0 A (sputtering power
~ 1.5 kW), corresponding to a nominal deposition rate of
~ 72 nm/min. Two CoCrNi coatings with nominal thicknesses
of 1 and 3 um were deposited directly onto the steel substrate.
These two coatings were referred to as CoCrNil and CoCrNi3,
respectively. The Ti target current (DC) was set at 4.0 A

(sputtering power ~ 1 kW), corresponding a nominal deposi-
tion rate of 10 nm/min. A further two CoCrNi coatings, of the
same thickness, that also included a Ti wetting layer with a
thickness of ~ 150 nm were also prepared. These two coatings
are here after referred to as CoCrNil/Ti and CoCrNi3/Ti,
respectively. A detailed description of the deposition condi-
tions, microstructural and mechanical properties, etc., could be
found in our previously published work (Ref 1).

To evaluate the adhesion strength of the four coatings,
scratch tests were undertaken using a Macro-Scratch tester
(CSM Revestest, Switzerland) employing a diamond Rockwell
C indenter (with a radius of 200 um). A preload of 1 N was
applied, then a progressive load, at a loading rate of 100 N/min,
was applied to the indenter. A constant scratch velocity of
3.36 mm/min was used. The load range of 1-100 N was applied
for all measurements. For each sample, at least 4 scratch tests
were conducted. During the scratch tests both the friction force
and acoustic emission were acquired simultaneously.

The tribological properties of the coatings were studied
using a reciprocating tribometer (MFT-EC4000) under an
ambient atmosphere (65% humidity, room temperature). An
alumina ball, 6 mm in diameter, was employed as the counter
body. The reciprocating frequency was set at 2 Hz, the applied
normal load was 2 N and the stroke length was 5 mm. The total
sliding distance was 10 m. At least two tests were conducted
for each parameter setting. The wear rate (k) of the coatings
was estimated from the expression:

k=V/(F-L)

where F is the applied normal load, L is the total sliding
distance and ¥ is the wear volume.

The scratch and wear tracks for each sample were charac-
terized using an optical microscope (Leica-DMi8C), together
with a multi-functional tester for material surface properties
operating as surface profilometer (MFT-4000, China) and a
scanning electron microscope (SEM) (Phenom XL G2).
Chemical analysis of the scratch tracks and wear tracks were
undertaken by energy dispersive x-ray spectroscopy (EDS)
using a system attached to the SEM.

3. Results

Figure 1 shows the representative friction coefficients (CoF)
curves, as a function of distance along the scratch track, for the
four coatings under investigation following scratch testing. A
general increase in CoF values was noticed with increasing
applied normal load for all four coatings. It has been suggested
that the increase in friction coefficient at higher loads can be
attributed to the increasing contribution of plowing (as well as
plasticity) to the overall experimentally determined friction
forces as both the applied scratch load and depth of the scratch
track increase (Ref 25). However, the inflections of the CoF
curves, as marked by arrows in Fig. 1, suggest that the indenter
begins at that point to interact with the underlying substrate.
According to Fig. 1, the CoF inflection for CoCrNil was
located at around 2 mm along the scratch track, compared to a
location of ~ 1 mm for CoCrNi3. In addition, it can be seen
that the turning-point of the CoF for both coatings containing
the Ti wetting layer occurred at a much shorter scratch distance
(~ 0.6 mm).
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Fig. 1 Representative friction coefficient of the CoCrNi-based
coatings during progressive scratching. Arrows indicate the inflection
of the CoF curves

Fig. 2 Optical images of the scratch tracks (loading range 1-65 N)
of (a) CoCrNil, (b) CoCrNi3, (c) CoCrNil/Ti and (d) CoCrNi3/Ti

Figure 2 shows representative optical images of the scratch
track for all four coatings for a region corresponding to the
initial application of an applied load to a load of 65 N (i.e the
first ~ 2.1 mm of the scratch track). It appears to be that no
apparent coating cracking, chipping or spallation can be
observed along the scratch track up to an applied load of
65 N for CoCrNil, CoCrNi3 and CoCrNil/Ti (as shown in
Fig. 2a, b and c, respectively). By contrast, for CoCrNi3/Ti,
when the applied load exceeds 16 N (corresponding to a travel
distance of ~ 0.6 mm), significant coating delamination along
the flanks of the scratch track and cracking of the coating was
observed along the scratch track (Fig. 2d).

Figure 3 presents a secondary electron image and EDS
elemental maps of a series of scratch tracks for CoCrNil.
According to Fig. 3(b), (c) and (d), the signal intensities for Ni,
Cr and Co are gradually weakened along the scratch tracks, and
the eventual dark contrast suggesting an absence of these
elements becomes readily noticeable at a scratch distance of
~ 1.6 mm (corresponding to a normal applied load of
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~ 49 N). Correspondingly, the signal for Fe (Fig. 3e), origi-
nating from the substrate, gradually intensifies as a result of the
gradual thinning of the coating. It is also evident that the
intensification in Fe signal mirrors the reduction in signals for
Co, Cr and Ni.

By contrast, the CoCrNi layer of the CoCrNil/Ti coating
had been completely removed at a scratch distance of
~ 0.7 mm (Fig. 4), as the signals for Ni, Co and Cr could no
longer be detected when the distance along the scratch track
exceeded 0.7 mm. Interestingly, the Ti signal is still clearly
evident in the scratch track after the removal of the outmost
CoCrNi layer. This phenomenon may indicate a stronger
adhesion strength at the Ti wetting layer/M2 substrate interface
than that at the Ti wetting layer/CoCrNi layer interface.

Figure 5 shows the EDS elemental maps for CoCrNi3/Ti at
the location where severe coating spallation began to occur.
Again, an intense Ti signal can be detected in the coating failure
region, while the signals for Co, Cr and Ni are barely detected.
This, in turn, supports the weak adhesion bond strength at the
Ti wetting layer/ CoCrNi outmost layer interface, as noted
above for CoCrNil/Ti.

In scratch testing, there are two critical loads, L.; and L,,
which are widely accepted as a measure of a coating’s cohesive
and interfacial adhesive strength, corresponding, respectively,
to the initial onset of coating cracking (L.;) and then substrate
exposure (L) (Ref 26). Due to the excellent ductility of the
CoCrNi coatings, no coating cracking could be readily
observed along the scratch tracks for coatings CoCrNil,
CoCrNi3 and CoCrNil/Ti when examined by SEM. Hence
the L.; values were difficult to precisely determine for these
coatings and so are not reported here. In contrast, the L., values
were determined to be the load where severe coating spallation
occurred, or intense signal from substrate could be detected.
Table 1 summarizes the location and the critical loads (L;) for
all four coatings. Clearly, coatings CoCrNil and CoCrNi3
possess higher L., values than the coatings containing a Ti
wetting layer. This again implies that the wetting layers for
these coatings are not effective in promoting coating/substrate
adhesion for these MEA CoCrNi coatings. Moreover, it is
found that the L, value for CoCrNil is ~ 51 N, which is much
higher than that for CoCrNi3 (~ 37 N). This indicates that an
increase in CoCrNi layer thickness has a negative effect on the
scratch properties of these CoCrNi coatings.

Representative friction coefficient curves of the four coat-
ings tested against an alumina ball as a function of sliding time
are presented in Fig. 6. Each curve corresponds to one of the
tests for each individual coating. The friction coefficient for all
coatings instantly reached a considerably high value, due to the
mechanical engagement caused by the asperities at the
coating/counter-ball interface during the initial running-in stage
(Ref 27). Following this, the friction coefficient for coatings
CoCrNil, CoCrNi3 and CoCrNil/Ti decreased rapidly from
~ 0.3 to ~ 0.2 within half a minute. Then, the friction
coefficient saw a gradual increase to ~ 0.3 and remained at this
level until the test is concluded. The friction coefficient for
CoCrNi3/Ti fluctuated between ~ 0.3 and ~ 0.35, before
gradually increasing to ~ 0.4 and then remained at this level.

Figure 7 presents the representative wear morphology and
corresponding profiles for one of the wear tracks from each
individual coating tested under identical condition. From
Fig. 7(a), there appears to be some wear debris, evident as
dark contrast, remaining in the wear track for CoCrNil.
Meanwhile, the brown-colored contrast in the center of the
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Fig. 3 SEM-EDS analysis of the scratch tracks for coating CoCrNil: (a) secondary electron image, EDS elemental maps for (b) Ni, (c¢) Cr, (d)

Co and (e) Fe
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Fig. 4 SEM-EDS analysis of the scratch tracks for coating CoCrNil/Ti: (a) secondary electron image, EDS elemental maps (b) Co, (c) Cr, (d)

Ni, (e) Fe and (f) Ti

wear track may indicate the exposure of substrate, which was
later confirmed by SEM-EDS analysis. The wear track is
~ 338 ym in width and ~ 1.4 um in depth, indicating the
coating was already worn through to the substrate, and the
cross-sectional area of the wear track was ~ 285 ym?. For
CoCrNil/Ti, compact layers of wear debris could be observed
on both sides of the wear track, as shown in the upper image of
Fig. 7(b). The wear track is ~ 336 um in width and ~ 2.0 um
in depth, with a cross-sectional worn area of ~ 483 um?.

Similarly, the exposure of substrate and accumulation of
compact layer of wear debris could also be observed in the
wear track for the thick CoCrNi3 coating, as shown in Fig. 7(c).
The wear track is ~ 534 um in width and ~ 2.7 um in depth,
with a cross-sectional area of ~ 882 ym?. For the CoCrNi3/Ti
coating (Fig. 7d), however, severe coating spallation had
occurred. The afterward wear process was actually done on the
substrate, resulting in a very wide profile curve. The cross-
sectional worn area and the wear rate for all coatings are given
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Fig. 5 SEM-EDS analysis of the scratch tracks for coating CoCrNi3/Ti: (a) secondary electron image, EDS elemental maps (b) Co, (c) Cr, (d)

Ni, (e) Fe and (f) Ti

Table 1 The critical load, Lc2, and its corresponding
location, for all four coatings

Sample Critical load (Lc2), N Location, mm
CoCrNil ~ 51 1.7
CoCrNi3 ~ 37 1.2
CoCrNil/Ti ~ 21 0.7
CoCrNi3/Ti ~ 16 0.6
0.7 CoCrNil
CoCrNil/Ti
CoCrNi3
0.6 CoCrNi3/Ti
=
L0.5F
2
L=
(]
<)
o
=
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—
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Fig. 6 Friction curves of the four samples as a function of sliding
distance against a Al,O3 ball under a constant normal load of 5 N

in Table 2. It should be noted that the calculated wear rate for
the thinner coatings (CoCrNil and CoCrNil/Ti), given in
Table 2, might underestimate the true wear rate of both coatings
since wear progressed into the steel substrate. Conversely, the
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wear rate of the CoCrNi3/Ti coating might be overestimated
because of the large exposed area resulting from coating
spallation.

Figure 8 shows the EDS elemental maps of the wear track
for CoCrNil. It is clear that the outmost CoCrNi layer was
removed in the wear track since the signals of Cr, Co and Ni
can barely be detected in this area, while there are a few islands
of compact wear debris observed on both sides of the wear
track. From the observed distribution of Cr, Co, Ni and O, it is
believed that these compact layers are composed of mixtures of
oxides such as CrO,, CoO, and NiO,, due to tribo-chemical
reactions during wear testing. Similar observations have been
recorded elsewhere (Ref 24, 28). Additionally, the detection of
O in the central area of the wear track might suggest that
oxidation of the substrate had taken place after removal of the
CoCrNi layer through the wear test. The SEM-EDS analysis of
the wear tracks for CoCNi3 and CoCrNil/Ti showed similar
characteristics as that observed for CoCrNil (as shown in
Fig. 8). Therefore, for brevity, the corresponding SEM images
and elemental maps are not shown here.

Figure 9 shows the SEM image and EDS elemental maps for
the CoCrNi3/Ti wear track. The compact layer, appearing with
dark contrast, in the wear track is mainly comprised of oxides
including CrO,, CoO, and NiO,. Since severe coating failure
had occurred during wear testing, oxidation of the substrate
following removal of the CoCrNi and Ti layers was also evident.
According to the elemental maps, the surface area surrounding
the wear track can be split into three distinct regions. In region I,
the substrate is completely exposed, while in region II the Ti
wetting layer remains and in region III the coating is intact.

4. Discussion

As shown in Table 1, the CoCrNi coatings without a 100 nm
Ti interlayer showed much better adhesion strength than those
containing a Ti interlayer. A comparison between Fig. 3 and 5
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Fig. 7 3D laser confocal image and corresponding profile of the wear track for different coatings under identical test conditions: (a) CoCrNil,
(b) CoCrNil/Ti, (c) CoCrNi3, (d) CoCrNi3/Ti

Table 2 Wear rates for the coatings CoCrNil, CoCrNil/Ti and CoCrNi3

Coatings CoCrNil CoCrNil/Ti CoCrNi3 CoCrNi3/Ti
Cross-sectional worn area, um?> 285 483 882 5030
Wear rate (x 107> mm®/N m) 7.125 12.075 22.05 125.75

Fig. 8 SEM-EDS analysis of the wear track for CoCrNil: (a) back scattered electron image, elemental maps for (b) Cr, (c) Co, (d) Ni, (e) Fe
and (f) O
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Fig. 9 SEM-EDS analysis of the wear track for CoCrNi3/Ti: (a) secondary electron image, elemental maps for (b) Cr, (c) Co, (d) Ni, (e) Fe, ()

O and (g) Ti

indicates the adhesive strength at the CoCrNi/steel substrate
interface is much stronger than the adhesive strength at the
CoCrNi/Ti interlayer interface. Therefore, it seems the inclu-
sion of the Ti interlayer negatively influences the adhesive
strength. It is assumed that there are two reasons for this
degradation in adhesive strength. Firstly, the elements Fe, Co
and Ni are close in atomic number, which might facilitate the
interdiffusion at the CoCrNi/steel substrate interface during the
non-equilibrium film growth process (Ref 29, 30). Conse-
quently, the CoCrNi coatings without Ti interlayer showed
better adhesive strength. Secondly, it has been suggested that
differences in hardness may greatly influence adhesive strength
(Ref 21). To optimize the adhesion response of a coating, the
hardness of the interlayer, if introduced, should be similar in
value to the substrate hardness. It has been reported the
hardness values for the CoCrNi coating, M2 steel and
magnetron sputtered Ti layer are, respectively, 10.0 GPa (Ref
1), 8.8 GPa (Ref 31) and 7.9 GPa (Ref 32). Clearly, the
hardness mismatch between CoCrNi and M2 is much smaller
than the difference in hardness values between the CoCrNi
coating and the sputtered Ti interlayer. This also implies
stronger adhesion at the CoCrNi/M2 interface than the CoCrNi/
Ti interface. In addition, the strong adhesion between the
sputtered Ti layer and M2 substrate, which can be supported by
the evidence in Fig. 4 and 5, may arise from the close match in
their hardness values.

In addition to the effects arising from the presence of the
interlayer, the coating thickness also influences the scratch
behavior of the coatings. According to Table 1, for the CoCrNi
coatings directly deposited on the M2 substrate, the critical load
L., for the thinner CoCrNil coating (~ 51 N) is much higher
than that for the thicker CoCrNi3 coating (~ 37 N). Similarly,
for the CoCrNi coatings containing a Ti interlayer, the critical
load L, for CoCrNil/Ti (~ 21 N) is also slightly higher than
that for CoCrNi3/Ti (~ 16 N). Therefore, the critical load L.,
appears to decrease with increasing coating thickness. It has
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been proposed that the coating thickness determines the stress
field distribution under contact loading (Ref 33). Indeed, in our
previous studies, these coatings were subjected to nanoinden-
tation testing under a maximum applied load of 500 mN using
a spherical indenter (radius: 5 um) (Ref 1). The cross-sectional
secondary electron images showed that for CoCrNil and
CoCrNil/Ti the applied load was distributed across both the
coating and substrate, since severe plastic deformation in both
the coating and the substrate was observed without any
delamination or cracks. Conversely, for the thicker CoCrNi3
and CoCrNi3/Ti coatings, the applied load was mainly
absorbed by the coating and only a limited amount of the
applied plastic deformation appeared to be transmitted into the
substrate. Accordingly, for the present scratch tests, the load
imposed by the moving probe can be shared by plastic
deformation occurring in both coating and substrate for the thin
CoCrNil coating. While for the thicker CoCrNi3 coating, the
damage is mostly accumulated within the coating, rather than
the substrate, leading to earlier exposure of the substrate. By
contrast, the inferior performance of CoCrNil/Ti and CoCrNi3/
Ti can be associated with the introduction of Ti interlayer, as
discussed above.

As shown in Fig. 6, the average friction coefficients for
CoCrNil, CoCrNil/Ti and CoCrNi3 coatings was around 0.3,
which was comparable to the friction coefficients determined
for laser cladded CoCrNi-based composite coatings (ranging
from 0.3 to 0.4) (Ref 34). On the other hand, the friction
coefficient was just above 0.3 for the CoCrNi3/Ti coating
during the early stages of testing, which then readily increased
to 0.4. This rapid transition in friction coefficient might suggest
a variation in sliding contact conditions. Post optical and SEM
analysis, as shown in Fig. 7(d) and 9, confirmed the premature
coating failure during reciprocating wear testing.

From analysis of the friction coefficients (Fig. 6) and the
wear track features (Fig. 7, 8 and 9) of all the coatings might
suggest that the principal wear mechanism for CoCrNil,



CoCrNil/Ti and CoCrNi3 coatings was abrasive wear for the
presence of long wear grooves in the wear tracks for these
coatings, while fracture wear played a more dominant role for
CoCrNi3/Ti. In fact, tribo-oxidation can take place during wear
testing since oxygen arising from ambient air was associated
with the reaction, resulting in the formation of oxide wear
debris and an oxidized surface (Ref 35). In addition, repeated
sliding will lead to the accumulation and compaction of some
of the oxide wear debris into thick compact oxide transfer
layers attached on the wear tracks for all coatings, as shown in
Fig. 7, 8 and 9, which means that minor adhesive wear occurs
for all these coatings. The presence of compact oxide layers
will lead to fluctuations in friction coefficient during wear rest.
Moreover, it has been suggested that the fractured oxides can
serve as a third body in the tribological system and may result
in an increase in wear volume (Ref 6).

By comparing the wear rates of the CoCrNil, CoCrNil/Ti
and CoCrNi3 coatings (as presented in Table 2), the thinner
coatings, CoCrNil and CoCrNil/Ti, demonstrated qualitatively
better wear resistance than the thicker CoCrNi3 coating. The
average wear rate of the thinner coatings (CoCrNil and
CoCrNil/Ti) was around 9.6 x 10> mm®/Nm, which is only
38% of the wear rate of a resistance seam processed MEA
CoCiNi coating (2.47 x 10~* mm?/Nm) reported by Zhao
et al. (Ref 24). Further, the introduction of a 100 nm Ti
interlayer into the CoCrNil resulted in a reduction in wear
resistance. The wear rate of coatings may be influenced by both
external and internal causes (Ref 36, 37). As the wear test
experimental conditions were identical, the influence of any
external factors on the wear response of the CoCrNi and/or
CoCrNi/Ti coatings may be ignored. The influence of internal
factors, such as hardness, coating thickness and residual stress
of the CoCrNi coatings on the wear response therefore need to
be considered.

The mechanical properties and residual stresses of these
coatings are summarized in Table 3 based on our previous
study (Ref 1), where the residual stress was analyzed using an
X’pert MRD-Philips diffractometer with psi-goniometer geom-
etry and calculated by employing the conventional sin’\s
method. H/E and H*E? are two important parameters, which
are often used, respectively, to represent a material’s elastic
strain to failure and resistance to plastic deformation. The ratios
H/E and H¥E? have been regarded as the indicators of the wear
resistance for thin films (Ref 38). In this current investigation,
hardness, the H/E and H>'E? ratios are similar for all coatings,
and as a consequence, the hardness and H/E ratio should not be
key factors in determination of the relative wear rate of these
coatings. Our statement is in great agreement with the literature
reported by Lin et al. (Ref 20). They investigated the wear
resistance of TiZrN/Ti coatings with comparable hardness and
H/E ratios, and argued both were not the significant factors
contributing to the wear rate of these TiZrN-based coatings.

According to Table 2 and 3, the thinner CoCrNil coating,
which also possesses the highest level of compressive residual
stress, demonstrates the best wear resistance. While, the thicker
CoCrNi3 coating and CoCrNil/Ti show inferior wear resis-
tance. Thus, factors such as the residual stress and coating
thickness might both play a role on the wear rate of these
coatings. Clearly, by comparison with CoCrNil, the introduc-
tion of a 100 nm Ti interlayer into the 1 um CoCrNi coating
decreases the residual compressive stress in the CoCrNil/Ti
coating. Moreover, the residual stress also decreases with an
increase in the coating thickness. Similar observation has been
reported in sputtered TiN coatings, where the thinnest coating
has the highest compressive stress and the compressive residual
stresses in the TiN coatings decrease with coating thickness
(Ref 39). It is believed that a higher level of compressive
residual stress in the coating can offset, to a certain extent, the
tensile stress generated during the wear test, and thus, inhibit
initiation and propagation of the cracks on the coating surface
(Ref 40). Therefore, the wear resistance increases with
increasing compressive residual stress demonstrating that the
coating is well bonded with its underlying substrate. Similar
results can also be found elsewhere. For instance, Luo et al.
found that the wear loss decreased with an enhancing value of
the compressive stress in HVOF-sprayed WC-12Co coatings
(Ref 41). Moreover, Alanzazi et al. observed that the wear
resistance of the electrodeposited cobalt-phosphorus-based
coatings improved with increasing compressive residual stress
(Ref 42).

As for the CoCrNi3/Ti coating, it is suggested that the
introduction of the Ti interlayer reduces the adhesion strength
and contributes to the fracture-dominated wear of this coating.
Indeed, CoCrNi3/Ti possessed the lowest adhesion strength as
noted above. The accumulated strains during continuous sliding
could readily induce spallation of the CoCrNi3/Ti coating, even
though the CoCrNi layer itself demonstrates superior fracture
toughness. The result is in good agreement with observations in
the literature, where wear resistance can be closely related with
adhesion strength (Ref 43, 44).

5. Conclusions

In this study, scratch and wear tests were performed on 1
and 3 um thick MEA CoCrNi coatings with and without a
100 nm Ti interlayer. It was found that the critical load L,
decreased with an increase in CoCrNi coating thickness, and an
introduction of Ti interlayer was detrimental for the scratch
adhesion strength compared with the samples without inter-
layer. In terms of the wear mode, the abrasive wear was found
to be the major wear mechanism for the CoCrNil, CoCrNil/Ti
and CoCrNi3 coatings, while fracture wear was dominant for

Table 3 Mechanical properties and the calculated residual stresses of the coatings (Ref 1)

Sample Hardness (H), GPa Elastic modulus (E), GPa H/E H3/E?, GPa Calculated residual stress, MPa
CoCrNil 10.0 £+ 0.83 248.8 + 14.1 0.0401 0.0162 — 1101.4 £ 166
CoCrNi3 9.6 + 0.66 250.0 &+ 12.4 0.0384 0.0142 — 3352 £ 84
CoCrNil/Ti 9.0 + 0.36 231.2 £ 8.9 0.0389 0.0136 — 5714 £ 113
CoCrNi3/Ti 9.4 + 0.43 236 + 10.5 0.0398 0.0149 — 4972 £ 66
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the CoCrNi3/Ti coating. Nonetheless, minor adhesive wear was
observed to occur for all four coatings. In general, the thinner
CoCrNi coatings demonstrated better wear resistance than their
thicker counterparts. The mechanical properties of these
coatings, such as hardness, H/E and H3/E?, were not the key
factors in determination of the relative wear resistance for these
coatings. Rather it is suggested that residual compressive stress
and coating thickness may have played a more important role in
determining the wear resistance of these MEA coatings. It was
found that increasing residual compressive stress was beneficial
to the wear resistance of these coating. An increase in MEA
CoCrNi coating thickness and/or an introduction of Ti inter-
layer decreased the residual compressive stress, and conse-
quently had a negative impact on the wear resistance of the
MEA CoCrNi coatings.
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