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Several problems are associated with corrosion-wear occurring on metal-on-metal hip implants made out of
cobalt-chromiumbased alloys. Low temperature carburizing, a process that creates a hard and corrosion resistant
diffused layer in Cobalt-Chromium-Molybdenum (CoCrMo) alloys, known as S-phase, may be a possible solution
towards mitigating these problems. In this work, static- and tribo-corrosion testing involving an alumina versus
CoCrMo (untreated and carburized)were conducted inRinger's solution. Electrochemical impedance spectrosco-
py was used to compare impedance plots attained before and after sliding so as to understand how the metal-
electrolyte interface is affected by rubbing. Both untreated and carburized CoCrMo experienced extensive
reduction in corrosion resistance following sliding wear damage such that one should expect a considerably
deteriorated performance of both surfaces in a tribocorrosion application. The structure of the interface was
relatively unaffected after sliding at the equilibrium and passive potentials. This implies that the layers making
up the interface before sliding were still present after sliding. However, their properties changed - the interface's
real resistance droppedwhile its capacitance increased. The formerwas linked to aweaker, damaged passivefilm
while the latter was linked to accumulation of wear debris and corrosion products.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

CoCrMo alloys are extensively utilised as biomaterials in hip replace-
ments because of their good corrosion and wear resistance. However,
several investigations report problems associated with the aforemen-
tioned alloys such as: high physiological level of the element cobalt,
neurological impairment, inflammation, DNA damage and aseptic loos-
ening [1–4]. These adverse effects associated with CoCrMo implants are
consequences of corrosion and corrosion-wear. Both phenomena de-
pend on the metal itself and the electrolyte with which it is in contact,
in this case body fluids. Hence improving the tribocorrosion response
of the surfaces in contact would be of great benefit. Such an improve-
ment may be achieved by introducing carbon S-phase into the metal
surface. The metastable, hard, supersaturated, precipitate-free S-phase,
forms in low temperature surface treatments which introduce intersti-
tial carbon, nitrogen or both, into octahedral locations in the substrate's
lattice [5,6]. In this work a proprietary treatment owned by Bodycote
Hardiff GmbH, Germany is used to introduce carbon S-phase. During
this carburizing treatment, the metal is exposed to a temperature
below 500 °C and very high carbon potential over several days; the
agiar).
resulting S-phase layer is very similar to that obtained through direct
current and active screen low temperature carburizing [7]. The S-
phase layer is also reported to have good cytocompatibility, as per
Caligari Conti et al. [8]. In fact, the author states that S-phase on the
CoCrMo alloy retains the untreated metal's excellent cytocompatibility.

Luo et al. [9] investigate the tribocorrosion behaviour of carbon S-
phase on ASTM F1537 CoCrMo alloy when sliding against an 8 mm di-
ameter alumina ball in Ringer's solution, with a normal force of 20 N
and a frequency of 1 Hz. Lower total wear volumes were reported for
the carburized specimens at cathodic and anodic potentials, while the
opposite was true for OCP. The authors observe that degradation byme-
chanical wear dominates in both surface conditions at all potentials,
even though the ratio of chemical tomechanical wear increaseswith in-
creasing potentials. The authors state that the improvement in
tribocorrosion behaviour resulted because of increased surface hard-
ness after treatment. Moreover, the hard S-phase provides improved
support to the passive film such that it can better withstandmechanical
damage during tribocorrosion.

The effect of nitriding and carbonitriding on corrosion-wear of the
same alloy was recently reported by Liu et al. [10]. The tests, conducted
in Ringer's solution with a 30 N normal force at 1.12 Hz (WC/Co
counter-body), indicate that corrosion-wear resistance improved with
both surface treatments, with plasma nitriding producing a lower
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Table 1
Chemical composition of ASTM F1537 CoCrMo alloy.

Composition (wt%)

C Mn Si P S Cr Ni Mo Cu Co N W Fe

0.05 0.80 0.62 0.003 0.0005 27.64 0.07 5.46 0.01 Bal. 0.169 0.02 0.2
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wear loss compared to plasma carbonitriding. Lutz et al. [11] study
tribocorrosion of nitrogen PIII CoCrMo sliding against a 4.8 mm diame-
ter alumina ball in a simulated body fluid; a load of 1N and sliding speed
of 1.6 Hz were used. The investigation showed that reduction of the
alloy's volumetric loss was associated with lower (b520 °C) treatment
temperatures, as higher temperatures promote intense corrosion (be-
cause of nitride precipitation) resulting in high wear loss.

Corrosion and tribocorrosion are particularly linked to the point of
contact between the metal and the solution. Hence, studying the
metal-electrolyte interface through electrochemical impedance
spectroscopy may indicate the structure, properties and reactions of
the interface associated with corrosion-wear and consequently how to
minimise the problems linked to it.

The research group of Universidad Politécnica de Valencia
conducted comprehensive Electrochemical Impedance Spectroscopy
(EIS) research on both low and high carbon CoCrMo alloys [12–17].
Equivalent Electrical Circuits (EEC) and their parameters have
been modelled to accommodate the different metal-electrolyte in-
terfaces that arise due to different test potentials, electrolytes and
the presence of a wear scar. These conditions affect the structure
and electrochemical properties of the metal-electrolyte interface
[13].

The effect of sliding upon the resistance of the interface is also inves-
tigated byMathew et al. [18] who depict Bode plots (A graph of the fre-
quency response of a system) attained before and after rubbing
wrought low carbon ASTM F1537 alloy against 10 mm and 28 mm di-
ameters alumina balls with a 1 N force when submerged in Phosphate
Buffered Solution (PBS). A considerable drop in resistance and imped-
ancemagnitude at low frequencies was attained; thus, sliding adversely
affects the CoCrMo-PBS interface.

Thiswork is novel in nature and is of scientific,medical and industri-
al importance. To date, all tribocorrosion studies coupled with EIS have
been conducted on untreated CoCrMo alloys. This is because research
on surface treated CoCrMo alloys only deal with volumetric losses. The
aim of thiswork is to analyse themetal-electrolyte interface at three po-
tentials (cathodic, equilibrium and passive potentials) and how it
changeswith a low temperature carburizing surface treatment. Further-
more, impedance spectra and model parameters attained before and
after sliding are compared to better understand the effect of mechanical
action on the alloy-electrolyte interface and relate to the tribocorrosion
performance.
Table 2
Composition of Ringer's solution.

NaCl KCl CaCl2 NaHCO3

g l−1 9.00 0.42 0.48 0.20
Molarity 0.1540 0.0560 0.0043 0.0024
2. Materials and methods

2.1. Materials

A wrought ASTM F1537 CoCrMo (L. Klein, Switzerland) implant
alloywhose chemical composition is given in Table 1was used. Coupons
25.4 mm in diameter and 6.8 mm in thickness were cut from an
annealed round bar by means of an electrical-discharge-wire cutting
machine. In order to obtain flat and parallel surfaces the coupons were
initially ground on a surface grindingmachine. These couponswereme-
tallographically prepared using silicon carbide paper of starting grit size
of 120 up to 1200. The couponswere then polished to a surface finish of
Ra = 0.01 μmusing 6 μm and 3 μm diamond pastes and a suspension of
0.6 μm colloidal silica (MetPrep, UK).
2.2. Surface treatment

A low temperature carburizing surface treatment by Bodycote
Hardiff GmbH (Landsberg, Germany) was applied to the polished cou-
pons. This diffusion treatment creates a carbon S-phase layer [19] and
results in a surface roughness of Ra = 0.03 μm.
2.3. Material characterisation

Prior to testing the surface treatment was characterised by
Scanning Electron Microscopy, Glancing-Angle X-Ray Diffraction,
Glow Discharge Optical Emission Spectroscopy and Micro hardness
testing. Since this characterisation does not fall within the main
scope of this work; more details can be found in the following
reference: [19].
2.4. Electrochemical impedance spectroscopy

2.4.1. Cleaning procedure
Uniformity in the surface conditions of all coupons is essential in

electrochemical impedance spectroscopy as this guarantees that every
test starts off with the same surface conditions. In order to ensure this
uniformity a 30-minute long cleaning procedure was adopted on each
and every sample. This involved: cleaning with soap and water; a 15-
minute ultrasonic cleaning in isopropyl alcohol; polishingwith 3 μmdi-
amond paste for 2 s enough to remove thepassivefilm; and a 15-minute
ultrasonic cleaning in isopropyl alcohol.
2.4.2. EIS equipment
EIS measurements involved the use of a three-electrode corrosion

test cell, using aGamry Instruments Reference 600™ (USA) potentiostat
before sliding and a Gamry Interface 1000™ (USA) potentiostat after
sliding. The three-electrode setup was made up of: a saturated calomel
reference electrode housed in a Luggin probe, a platinum coated titani-
um counter electrode and the test coupon as the working electrode.
300 ml of Ringer's solution (Lab M, UK), whose chemical composition
is given in Table 2 was used as an electrolyte. The solution had a pH of
7.4 and was kept at a temperature of 37 ± 1 °C.

For the impedance spectroscopy experiments an AC signal of 10mV
(rms) was used and the test frequency had a range of 10,000 Hz to
0.004 Hz with ten points per decade. The lower frequencies provide
more information on the interface but also result in a longer measure-
ment time which might compromise the stability of the system [19].
Every test condition was repeated for at least four times and equivalent
electrical circuits (EECs) weremodelled bymeans of the Simplexmath-
ematical algorithm.



Fig. 1. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of untreated CoCrMo before and after sliding when the cell was polarised at a cathodic
potential of−0.7 VSCE.
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2.4.3. Potentials
EIS tests were conducted at various potentials which were selected

according to Open Circuit Potential (OCP) trends recorded for both un-
treated and carburized alloys. The chosen potentials correspond to dif-
ferent chemical conditions at the interface:

• Cathodic (−0.7 V vs. SCE reference): At this potential, the passive film
on the metal is not growing, such that the passive film present on the
surface is that generated before the sample is inserted into the electro-
chemical cell. Consequently, the resulting resistance is expected to be
quite low. Since this voltage deviates from the equilibrium potential,
one expects cathodic reactions to dominate at the metal-electrolyte
interface and possibly, mass transport or diffusion;

• OCP (0 V vs. OCP): the equilibrium potential is associated with a bal-
ance of anodic and cathodic reactions and therefore, the reactions tak-
ing place at the interface balance each other. One expects that the
passive film and the electrical double layer (EDL) are present at this
potential, and hence the resistance is expected to be significantly
higher than that at the cathodic potential;

• Passive (0.1 V vs. SCE reference): This potential is associated with the
presence of a protective passive film. Therefore, at this voltage one ex-
pects that the interface is composed of a stable and established passive
film (with a corresponding high resistance) together with the Electri-
cal Double Layer (EDL).

2.4.4. EIS procedure before sliding
The tests at cathodic potential were carried out by first monitoring

the OCP of the electrochemical cell for 10 min, followed by polarisation
at a cathodic potential of −0.7 V vs. SCE reference for 50 min, after
which EIS testing was carried out at −0.7 V vs. SCE reference. The
same procedure was used for the passive potential tests, but the cell
was polarised to 0.1 V vs. SCE reference. The EIS tests at OCP involved
one-hour monitoring of the OCP before the impedance was measured
at this potential. The voltage of the EIS test was the last measured
value established during the preceding hour of OCP monitoring.

2.4.5. EIS procedure after sliding
The tribocorrosion equipment used involved ball-on-disc reciprocat-

ing slidingmotion at a frequency of 2 Hz and a stroke length of 6.5 mm.
The bidirectional movement was achieved by a stationary polycrystal-
line alumina ball with a diameter of 12.7 mm. The material's hardness
is very high namely 1700 HV and this is reflected in its high wear resis-
tance, which implies that the ball's material loss is expected to be min-
imal. Furthermore, since alumina is a ceramic material, any galvanic
coupling with the sample is avoided so that the current output from
the test reflects solely the reactions taking place at the sample's surface
and not at the ball. A three-electrode setup consisting of the tested sam-
ple as the working electrode, a saturated calomel reference electrode
and a platinum coated titanium counter electrode was used. The ex-
posed surface area in the tribo cell was 3.464 cm2 and the electrodes
were connected to Gamry's Interface 1000™ (USA) potentiostat. All
parts in contact with the fluid including the ball holder and rod, were
made of insulating materials (PTFE and Glass) to avoid any electro-
chemical corrosion which interferes with the experiments. The load
utilised during these tests was set to 8 N. This load does not result in
gross yielding of the test material at the contact. The container housing
the electrodes was water-jacketed so that the 300 ml of Ringer's solu-
tion within was maintained at 37 °C (±1 °C).

Image of Fig. 1


Fig. 2. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of carburized CoCrMo before and after sliding when the cell was polarised at a cathodic
potential of−0.7 VSCE.
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Initially, the electrochemical cell was exposed to the potential of the
test (−0.7 VSCE, OCP or 0.1 VSCE) for 20min and thiswas followed by 2 h
of sliding where the same potential was maintained (floating potential
in case of OCP) and duringwhich the frictional force is measured. After-
wards, the rubbingwas stopped and the test sample in contact with the
Ringer's solutionwas left exposed to the test potential of the test for an-
other 20 min. This was followed by an EIS procedure with parameters
identical to those used before sliding. The EIS measurements were
made using the potential that was utilisied throughout the
tribocorrosion test. In the case of OCP, the potential utilised was the
last one established before commencement of the EIS measurements.
Fig. 3. Circuit including Warburg impedance, fitted to cathodic potential plots (EEC1).
Note that the tests were repeated at least four times for every potential
and surface condition.

3. Results and discussion

3.1. Characterisation

The carburizing treatment resulted in a diffusion layer with a carbon
interstitial content decreasing gradually from 8 wt% (and a hardness of
962 ± 5 HV0.2) at the surface to 0.05 wt% (and a hardness of 473 ±
3 HV0.2) at 10.5 μm below the surface. The hardness and chemical
depth profiles together with phase analysis showed that a precipitate-
free metastable supersaturated solid solution layer of carbon (S-phase
or ExpandedAustenite)was formed in the CoCrMo alloy. Detailed infor-
mation of this layer can be obtained from reference: [19].

3.2. Cathodic potential

Figs. 1 and 2 compare the plots obtained before and after sliding
for both untreated and carburized CoCrMo respectively at the ca-
thodic potential of −0.7 VSCE. At the cathodic potential one expects
cathodic reactions to prevail and thus, an associated diffusion of ox-
ygen from the solution to the interface could be present. Further-
more, one expects the presence of an Electrical Double Layer (EDL)

Image of Fig. 2
Image of Fig. 3


Table 3
Parameters obtained when modelling the untreated metal interface with EEC1, when
polarised at a cathodic potential of−0.7 VSCE.

Before sliding After sliding

Rs (Ω-cm2) 18.24 ± 0.75 47.20 ± 0.45
Q1 (μS-sα/cm2) 13.36 ± 2.12 35.94 ± 0.70
α1 0.88 ± 0.03 0.78 ± 0.005
YO1 (μS√s/cm2) 933.90 ± 134.60 92.29 ± 120.00
B1 (√s) 18.45 ± 0.0006 21.64 ± 0.05
R2 (kΩ-cm2) 32.79 ± 0.63 18.00 ± 0.17
Q2 (μS-sα/cm2) 14.25 ± 1.98 19.52 ± 0.55
α2 0.97 ± 0.02 0.93 ± 0.006
GoF 1.18 × 10−3 213.80 × 10−6

Table 6
Parameters obtained when modelling the carburized metal interface with EEC2, obtained
at OCP.

Before sliding After sliding

Rs (Ω-cm2) 24.07 ± 0.25 44.13 ± 0.44
R1 (kΩ-cm2) 330.7 ± 77.80 18.15 ± 5.99
Q1 (μS-sα/cm2) 25.57 ± 3.93 133.10 ± 66.11
α1 0.90 ± 0.004 0.93 ± 0.01
C1(μF/cm2) 11.25 90.40
R2 (kΩ-cm2) 1071.00 ± 111.9 218.10 ± 11.14
Q2 (μS-sα/cm2) 47.66 ± 12.87 37.06 ± 4.32
α2 1.00 ± 0.04 0.95 ± 0.03
C2(μF/cm2) 47.66 41.37
GoF 2.23 × 10−3 92.55 × 10−6

Table 5
Parameters obtained when modelling the untreated metal interface with EEC2, obtained
at OCP.

Before sliding After sliding

Rs (Ω-cm2) 24.50 ± 0.28 45.18 ± 0.49
R1 (kΩ-cm2) 257.30 ± 9.37 17.56 ± 5.08
Q1 (μS-sα/cm2) 31.75 ± 1.17 85.80 ± 42.25
α1 0.95 ± 0.01 0.94 ± 0.06
C1(μF/cm2) 21.78 60.18
R2 (kΩ-cm2) 609.80 ± 32.95 104.30 ± 14.90
Q2 (μS-sα/cm2) 38.68 ± 1.42 42.61 ± 10.88
α2 0.91 ± 0.01 0.84 ± 0.01
C2(μF/cm2) 52.87 56.61
GoF 1.61 × 10−3 649.20 × 10−6

Table 8
Parameters obtained when modelling the carburized metal interface with EEC2, when
polarised at a passive potential of 0.1 VSCE.

Before sliding After sliding

Rs (Ω-cm2) 18.97 ± 0.29 41.18 ± 0.41
R1 (kΩ-cm2) 169.2 ± 38.99 145.90 ± 47.79
Q1 (μS-sα/cm2) 32.45 ± 7.47 61.83 ± 13.05
α1 0.83 ± 0.007 0.86 ± 0.007
C1(μF/cm2) 7.14 23.38
R2 (kΩ-cm2) 3419.00 ± 247.10 2211.00 ± 261.60
Q2 (μS-sα/cm2) 17.73 ± 1.94 47.16 ± 6.96
α2 0.97 ± 0.02 0.99 ± 0.03
C2(μF/cm2) 20.13 49.43
GoF 370.60 × 10−6 75.07 × 10−6

Table 4
Parameters obtained when modelling the carburized metal interface with EEC1, when
polarised at a cathodic potential of−0.7 VSCE.

Before sliding After sliding

Rs (Ω-cm2) 24.19 ± 1.41 43.38 ± 0.50
Q1 (μS-sα/cm2) 20.83 ± 2.64 5.33 ± 0.92
α1 0.87 ± 0.03 0.36 ± 0.07
YO1 (μS√s/cm2) 361.60 ± 20.70 38.23 ± 10.19
B1 (√s) 19.78 ± 0.01 1.32 ± 0.006
R2 (kΩ-cm2) 27.03 ± 0.60 10.70 ± 0.73
Q2 (μS-sα/cm2) 2.13 ± 1.16 38.60 ± 0.55
α2 0.97 ± 0.19 0.87 ± 0.003
GoF 1.85 × 10−3 199.50 × 10−6

Table 7
Parameters obtained when modelling the untreated metal interface with EEC2, when
polarised at a passive potential of 0.1 VSCE.

Before sliding After sliding

Rs (Ω-cm2) 18.14 ± 0.30 47.76 ± 0.44
R1 (kΩ-cm2) 85.39 ± 16.00 86.77 ± 4.46
Q1 (μS-sα/cm2) 44.23 ± 5.70 48.94 ± 2.82
α1 0.89 ± 0.17 0.85 ± 0.004
C1(μF/cm2) 18.33 16.80
R2 (kΩ-cm2) 2774.00 ± 454.40 2060.00 ± 115.4
Q2 (μS-sα/cm2) 13.87 ± 5.09 37.68 ± 1.09
α2 0.90 ± 0.08 0.96 ± 0.01
C2(μF/cm2) 20.81 45.17
GoF 1.40 × 10−3 274.00 × 10−6
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but not that of the passive film, even though traces of this latter film
could still be present at the interface since this film grows between
polishing and commencement of EIS. The Bode-magnitude plots
shown in Figs. 1(a) and 2(a) point towards the presence of a capaci-
tor (negative slope curve in the middle frequencies) and resistors
(curve becomes horizontal at middle and high frequencies, such
that a constant impedance magnitude is associated with this range
of frequencies). This is confirmed through the Nyquist (a parametric
plot of a frequency response where the real part of the transfer func-
tion is plotted on the x-axis and the imaginary part is plotted on the
y-axis) and Bode-phase plots as the former contain a semi-circle
while the latter contain amaximum close to 90°. Therefore, these ob-
servations confirm the presence of a time constant. The Nyquist plots
contain a straight diagonal line at low frequencies representing dif-
fusion; thus, it appears that the phenomenon is present at the inter-
face and it constitutes another time constant [20].

The experimental plots were modelled with the Equivalent Elec-
trical Circuit termed EEC1 (Fig. 3), which was used by Fonseca et al.
[21] to study the metal-electrolyte interface of titanium in PBS solu-
tion. The untreated and carburized surfaces were modelled by the
same Equivalent Electrical Circuit (EEC) for a particular condition
since it was assumed that the components of the interface of both
surfaces would be the same. The discrepancy between the two sur-
faces would hence be in the circuit parameter values rather than
the model itself. Using the same EEC is also required for comparison
purposes.

The EEC model contains a constant phase element (CPE) instead
of perfect capacitance, since the phenomenon of time constant
dispersion is highly probable. Variation in current, potential and
reactivity occurring along the electrode surface leads to time
constant dispersion, as well as distributed properties of oxide layers
[19,22].

Note that the EIS plots depicted in this section correspond to one test
which is the best representative of all tests carried out at that particular
condition. Furthermore, EEC parameter errors correspond to the chosen
(best representative) plot only, and relate the discrepancy between the
actual EIS plot (result) and the EEC fit (model).

The Warburg impedance element represents diffusion of oxygen
from the electrolyte to the interface resulting in the following possible
reaction [12,23]:

O2 þ 2H2Oþ 4e−→4OH−



Fig. 4. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of untreated CoCrMo at OCP; before (OCP=−0.335 VSCE) and after (OCP=−0.360 VSCE)
sliding.
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CPE1 is associated with the diffusion layer and is hence representa-
tive of capacitance dispersion occurring across this layer. Note that the
Warburg impedance and CPE1, both associated with diffusion, are next
to the reference electrode, thus on the outer side of the interface. The
RC combination of R2 and CPE2 is associated with the EDL and possible
traces of the passive film; R2 represents the charge transfer resistance
across this layer while CPE2 is the capacitance of the double layer.

The shape of all plots in Figs. 1 and 2 is reasonably similar, with dif-
fusion being much more pronounced in the plots obtained before slid-
ing. The overall impedance of the interfaces after sliding is lower than
that obtained before sliding, as evidenced in the Nyquist plots and
Bode-magnitude plots. The maxima of the Bode-phase plots obtained
before sliding are higher than those obtained after sliding, which im-
plies that time constant dispersion in the former cases is lower than
that in the latter cases. The parameters attained after modelling the un-
treated and carburized samples' impedance response with the Equiva-
lent Electrical Circuit termed EEC2 are listed in Tables 3 and 4,
respectively. Note that the goodness of fit represents the Chi-squared
value divided by the total number of points in the spectra [24].

The real resistance after sliding is lower compared to that obtained
before sliding. The CPE linked to real resistance, CPE2, experiences a
slight increase in CPE constant after sliding, and an associated decrease
in CPE exponent, which implies that time constant dispersion increased
after sliding. The CPE1 constant and exponent differ considerably as
well, and this may be linked to variation in diffusion between
the two interfaces. In fact, the discrepancy is also shown through
the Warburg coefficient σ as that before sliding was calculated
to be 757.15 Ω-cm2/s1/2 while that after sliding was found to be
7.66 Ω-cm2/s1/2, and this is evidenced by the diffusion part of the
Nyquist plot.
Similarly to the previous case, the real resistance is lower after slid-
ing. In addition, the CPE2 constant increased after sliding, while the CPE2
exponent decreased, with the latter modification indicating an increase
of time constant dispersion on the worn surface. The CPE1 constant and
exponent differ considerably as these are related to discrepancy in diffu-
sion between the two interfaces, reflected also in YO1 and B1 parameters.
The values of the Warburg coefficient σ, confirm these observations, as
that calculated before slidingwas 1955.49Ω-cm2/s1/2 while that obtain-
ed after sliding was 18.50 Ω-cm2/s1/2.

3.3. Open circuit potential

Impedance spectra obtained before and after sliding at OCP for un-
treated and carburized CoCrMo are shown in Figs. 4 and 5. At OCP, the
metal is in equilibriumwhich implies that the cathodic and anodic reac-
tions are balanced. The lack of prevalence of any of the two types of re-
actions suggests that diffusion will not be shown in the spectra. The
presence of the EDL and the passive film is expected at this potential,
with the latter being particularly pronounced since it is free to grow at
the interface. As a consequence, two RC time constants are expected
in the spectra since these two layers have resistive and capacitive
characteristics.

The Bode and Nyquist plots shown in Figs. 4 and 5 indicate the pres-
ence of capacitive behaviour in the middle and lower frequencies, as
well as resistance, particularly at the lower frequencies of the untreated
plots. The three plots seem to indicate the presence of one time constant
only which suggests that superposition of time constants occurred.

The confirmation that two time constants are superimposed
comes from the plots in Fig. 6, which represents the interface of an
unpolished surface having a stable passive film formed in air. The

Image of Fig. 4


Fig. 5. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of carburized CoCrMo at OCP; before (OCP=−0.111 VSCE) and after (OCP=−0.220 VSCE)
sliding.
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plots in Figs. 4 and 5 represent a samplewhich is freshly polished before
immersion, and thus the passive film is still growing during EIS, which
implies that its resistance and capacitance are still (relatively) low. Con-
sequently, its time constant is similar to that of the EDL which
established itself upon contact between the metal and solution, hence,
superposition of time constants occurred.

When a sample which was not polished for a long time is inserted
into the cell (Fig. 6), its passive film, which formed in air, is stable and
highly resistive and this is reflected upon its RC time constant value,
which differs from that of the former situation. In this case, the time
constant of the passive film and EDL are not similar and so, two separate
maxima in the Bode-phase angle plot appear, hence the presence of two
time constants. Note that this is evidenced only in the Bode-phase angle,
thus highlighting the importance of analysing all three plots during EIS.

All plots were modelled using the Equivalent Electrical Circuit
termed EEC2 shown in Fig. 7, which contains two RC time constants in
series. The outer combination R1 and CPE1 is associated with the charge
transfer resistance and capacitance of the EDL (outer layer), while R2

and CPE2 represent the resistance and capacitance of the passive film
(a consequence of movement of charged species and vacancies within
the film), and are thus closer to the Working Electrode (WE). The
polarisation resistance of the interface is the summation of R1 and R2,
which corresponds to the point at which the semi-circle in Nyquist
plots crosses the x-axis [12]. The resistance of the solution between
theWorking Electrode (WE) and the Reference Electrode (RE) is repre-
sented by the resistive element, RS. The CPE parameter is converted into
capacitance to associate changes in this parameter with possible modi-
fications of the layers' dielectric constant and thickness [19].
In general, the shapes of all plots (Figs. 4 and 5) are similar. The
Nyquist plots clearly show that the impedance of the interfaces before
sliding is higher than that after sliding, with this being particularly evi-
dent in the untreated CoCrMo plots. The Bode-phase angle plots of the
interfaces before sliding arewider (less superposition of time constants)
and higher (lower time constant dispersion) than the plots obtained
after sliding. Tables 5 and 6 list the parameters values attained during
EEC2 modelling of the untreated and carburized impedance spectra,
respectively.

The parameter values confirm that the interface's real resistance be-
fore sliding is higher than that after sliding, for both the EDL and thepas-
sive film. Capacitance of the passive film before and after sliding shows
that the latter film has a slightly higher value which implies that either
thefilm after sliding is thinner, or else, that it has a higher dielectric con-
stant. The EDL capacitance is lower before sliding compared to that ob-
tained after sliding. Hence, the EDL established after sliding may be
thinner than that established before sliding or else, the former has a
higher dielectric constant. The CPE1 exponent is similar in both cases;
however, CPE2 exponent indicates that the passive film on theworn sur-
face has a higher time constant dispersion compared to the unworn
surface.

As the Nyquist plots indicate, the real resistance of both layers in the
carburizedmetal-electrolyte interface is lower after sliding compared to
that attained before sliding. Another major discrepancy between the
two is evidenced in the capacitance of the EDL, which is higher after
sliding. This may imply that the EDL thickness after sliding is smaller
than that before sliding, or else, that the EDL dielectric constant after
sliding is higher than that before sliding. Time constant dispersion of
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Fig. 6. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots representing the interface of unpolished untreated CoCrMo at OCP (OCP = −0.446 VSCE).
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this layer is relatively similar in both situations. Butwhen it comes toα2,
it is evident that the passive film loses its ideal capacitor behaviour after
sliding since the exponent deviates from unity to 0.95. Hence, the wear
scar on the carburized sample's surface was a major contributor in in-
creasing the time constant dispersion in the metal's passive film,
which could have caused a reduction in interface impedance. The pas-
sive film capacitance decreases after sliding, which may imply that the
layer thickness increased, or else, that the layer has a lower dielectric
constant.

3.4. Passive potential

Figs. 8 and 9 compare the impedance response obtained before and
after sliding at 0.1 VSCE for untreated and carburized CoCrMo respective-
ly. At this potential, both samples are into the passive region and so, the
passive film forms an integral part of the metal-electrolyte interface.
One expects that this layer is more stable compared to OCP and also,
that it has the highest resistance out of the three potentials. Similarly
Fig. 7. Two RC combinations in series (EEC2).
to OCP, the interface consists of the passive film and the EDL, therefore
two RC time constants. In addition, since this potential deviates from
OCP, the anodic reactions prevailed over the cathodic reactions which
could possibly introduce diffusion of metal ions out of the interface (to
the solution). However, diffusion is minimal because the chosen poten-
tial is relatively close to the equilibrium potential. Therefore, the Equiv-
alent Electrical Circuit termed EEC2 was used tomodel the interface; R1

and CPE1 are associated with the charge transfer resistance and capaci-
tance of the double layer while R2 and CPE2 are associated with the re-
sistance and capacitance of the passive film.

The shapes of the Bode-magnitude andNyquist plots attained before
and after sliding are almost the same for both surface conditions. The
magnitude of the impedance before sliding is slightly higher than that
after sliding, as shown in the Bode-magnitude curves. The length of
the semi-circle curve in Nyquist plots, hence the impedance, is higher
before sliding compared to after sliding for both untreated and carbu-
rized CoCrMo metals. The Bode-phase plots of the carburized samples
are similar, with that obtained before sliding having a wider maximum
than that obtained after sliding. This is also evident in the Bode-phase
plots of the untreated samples; in addition, these plots differ in the low-
est frequencies, with the plots obtained before sliding yielding lower
phase angle values at these frequencies. Tables 7 and 8 compare the in-
terface parameters attained before and after sliding.

The EDL real resistance is negligibly higher after sliding compared to
that attained before sliding. The calculated capacitance of the EDL before
and after sliding is similar, but α1 differs slightly, as the EDL established
before sliding has less time constant dispersion than that established
after sliding.

Passive film resistance before sliding is higher than that obtained
after sliding. The layer's capacitance associated with the worn CoCrMo

Image of Fig. 6
Image of Fig. 7


Fig. 8. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of untreated CoCrMo before and after sliding when the cell was polarised at a passive
potential of 0.1 VSCE.
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alloy is double that of the unworn CoCrMo alloy; therefore, the former
may be thinner than the latter, or else, it has a higher dielectric constant.
Capacitance increase after sliding was also noticed by other authors,
who used EIS to investigate the interface of a scarred metal [25–27].
The authors tend to agree that this modification is a consequence of a
change in the structure and dielectric constant of the layers within the
interface due to an accumulation of wear debris and corrosion products.
This also applies to the increase in capacitance after sliding of the EDL
when the interface was not polarised (Tables 5 and 6). Interestingly,
CPE2 exponent of the passive film after sliding is higher than that ob-
tained before sliding.

In this situation, one is comparing a complete S-phase surface be-
fore sliding, with an interrupted carburized layer (with some un-
treated CoCrMo alloy exposed) after sliding, as rubbing caused
considerable damage to the S-phase. The real resistance associated
with the passive film decreased considerably after sliding; however,
the reduction was much less pronounced in the case of the EDL. The
calculated capacitances of both the EDL and passive film increase
after sliding; in fact, the layers' capacitances before sliding are less
than half those obtained after sliding. Hence, the layers may be
thicker before sliding, or else, they may have a higher dielectric con-
stant after sliding. The pronounced increase in capacitance after slid-
ing was also noticed by other authors, who claim that the increase is
a consequence of the accumulation of wear debris and corrosion
products [25–27]. Both CPE exponents are slightly higher after slid-
ing, which implies a slightly lower time constant dispersion in the
EDL and passive films on the treated, worn surface.

When one compares the drop in real resistance of the passive film, it
is noticeable that this is higher for the carburized interface (1208 kΩ-
cm2) than for the untreated interface (714 kΩ-cm2), even though the
final resistance is slightly higher for the carburized CoCrMo alloy. There-
fore, the deterioration in corrosion resistance after tribocorrosion is
more evident in the carburized sample. The fact that a good part of
the carburized metal's wear scar was made of untreated CoCrMo and
not S-phase may have enhanced further the drop in resistance.

4. Conclusion

• Sliding was detrimental to the overall impedance of the metal-
electrolyte interface in both surface conditions at all potentials. This
implies that rubbing is expected to reduce the corrosion resistance
of untreated and carburized CoCrMo alloy considerably, thus leading
to a deteriorated performance of both surface conditions;

• When the electrochemical cell was polarised at the cathodic potential,
the diffusion layer was significantly reduced after sliding, as the diag-
onal line in Nyquist plots associated with diffusion was almost elimi-
nated. The overall interface impedance was also greatly reduced;

• Sliding did not change the structure of the metal-electrolyte interface
at the equilibrium and passive potentials, but it affected themodel pa-
rameter values. The interfaces' real resistance was significantly re-
duced while capacitance increased; the former was linked to a
weaker, damaged passive film while the latter was linked to accumu-
lation of wear debris and corrosion products.
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Fig. 9. EIS (a) Bode-magnitude, (b) Bode-phase and (c) Nyquist plots comparing the response of carburized CoCrMo before and after sliding when the cell was polarised at a passive
potential of 0.1 VSCE.
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