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Abstract: Tribocorrosion modelling of passive metals considering the lubrication effect from solution is still not well 
studied. A lubricated tribocorrosion model for CoCrMo alloy metal-on-metal hip joints has been developed, while the 
generalization of this model is restricted by Dowson’s empirical correlation. This study explored the correlation between 
wear of CoCrMo alloy in tribocorrosion and lubricating film thickness. The results showed that the chemical, mechanical 
and total wear volumes of CoCrMo alloy in tribocorrosion were significantly influenced by the lubrication effect from the 
solution. Good correlations were obtained between the lubricating film thickness and chemical, mechanical and total 
wear, respectively. The new chemical and mechanical wear correlations could be used to generalize the current 
lubricated tribocorrosion model for CoCrMo alloy. 
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1. INTRODUCTION 

The total material loss of passive metals in 
tribocorrosion was found not to be simply the sum of 
wear in absence of corrosion and the corrosion without 
wear [1-6]. The interaction between mechanical wear 
and electrochemical corrosion significantly accelerates 
material deterioration of passive metals. With better 
understanding of tribocorrosion mechanisms of passive 
metals, great progress in tribocorrosion modelling of 
passive metals has been observed in the last decades 
[7-11]. It should be noted that the solution surrounding 
the passive metals not only acts as a corrosive medium, 
causing corrosion of the metals, but also serves as 
lubricant, alleviating wear of the metals. However, 
tribocorrosion modelling taking into account the 
lubrication effect from the solution is still not well 
studied. 

Based on the plastic deformation of contacting 
asperities in tribocorrosion of passive metals, Cao et al. 
[12] developed a lubricated tribocorrosion model that 
integrated the effect of chemical wear, mechanical 
wear and fluid lubrication on the total degradation of 
passive metals. By integrating an empirical correlation 
between the running-in wear of metal-on-metal (MoM) 
hip joints obtained from hip joint simulators and the 
minimum elastohydrodynamic film thickness, the model 
was applied to CoCrMo alloys. The results showed that 
the model accurately predicted the running-in wear of 
CoCrMo alloys observed in hip joint simulators [13]. 
The model was also used to rationalize the in-vivo 
degradation of MoM hip joints and the relevance of 
patient specific parameters on the wear and corrosion 
of MoM hip joints was highlighted. 
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Considering the successful application of this model 
in predicting the tribocorrosion of CoCrMo alloys used 
in MoM hip joints, the generalization of this model to 
other applications is of great importance. Cao’s 
lubricated tribocorrosion model incorporated the 
Archard mechanical wear model and Mischler’s wear 
accelerated corrosion model, which are both 
mechanistic approaches that are not restricted to MoM 
hip joints or CoCrMo alloys. However, the Dowson’s 
running-in wear – minimum elastohydrodynamic film 
thickness empirical correlation (Equation (1)) [14] was 
extracted from CoCrMo alloys MoM hip joints, thus 
restricted the applicability of Cao’s lubricated 
tribocorrosion model. 

Vrunning!in (mm
3) = 93.97

hmin (nm)( )
1.49

     (1) 

Therefore, this study was initiated with the aim to 
explore the correlation between CoCrMo alloy’s wear 
(chemical, mechanical and total) in tribocorrosion and 
the lubricating film thickness using experimental results 
obtained from universal laboratory tribometers. The 
modified correlations were expected to be incorporated 
into Cao’s model in order to predict CoCrMo alloy’s 
tribocorrosion in applications other than MoM hip joints. 

2. TRIBOCORROSION EXPERIMENTAL DATA OF 
COCRMO ALLOYS 

Guadalupe et al. [15] studied the tribocorrosion 
behavior of a high carbon CoCrMo alloy in 0.5 M 
sulphuric acid (H2SO4) using a reciprocating motion 
tribometer incorporated with a three-electrode 
electrochemical cell. The experimental setup is 
schematically shown in Figure 1. An alumina ball was 
sliding on the CoCrMo alloy disk. The CoCrMo alloy 
sample acted as working electrode, a platinum wire coil 
as counter electrode, and a mercuric sulfate electrode 
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(MSE) as reference electrode. The tribocorrosion 
experiments were conducted under different normal 
forces. Cao et al. [16] further studied the effect of 
solution viscosity on tribocorrosion of CoCrMo alloy by 
mixing 0.5 M H2SO4 solution with glycerol in order to 
modify the solution viscosity. The same CoCrMo alloy 
as used in [15] was adopted and the experiments were 
conducted using the same tribocorrosion setup as that 
in [15]. In this study, we extracted the friction and wear 
results from [15, 16], and further studied the correlation 
between the theoretical elastohydrodynamic film 
thickness and chemical, mechanical and total wear, 
respectively. 
2.1. Values of the Experimental Parameters 

The values of the extracted experimental 
parameters from [15, 16] are summarized in Table 1. A 
dwell time of 0.25 s was set after each stroke, which 
results in a sliding velocity of 20 mm/s considering a 
stroke length of 5 mm and a reciprocating frequency of 
1 Hz. It should be noted that the tribometer used in [15] 
and [16] adopted a powerful motor with high 
accelerating rate (10 m/s2) to ensure a constant sliding 
velocity during sliding. 

2.2. Friction Coefficient and Wear Volumes 

Table 2 summarizes the average coefficient of 
friction (CoF) as well as total, chemical and mechanical 
wear volumes of CoCrMo alloy disks extracted from 
[15] and [16]. The average CoF was calculated by 
averaging the instant friction coefficient during sliding. 
Total wear volume Vtot was calculated by multiplying 
the area of each wear track’s cross-sectional profile by 
the length of the wear track. Chemical wear volume 
Vchem was calculated from the measured anodic current 
during sliding by applying the Faraday’s law, as shown 
in Equation (2): 

Vchem =
Ir ! t !M
n !F !!

       (2) 

where, Ir is anodic current, t is sliding time, M is 
molecular mass of the CoCrMo alloy (58.66 g/mol), n is 
charge number of the alloy (2.37), F is Faraday’s 
constant (approximately 96,500 C/mol), ρ is density of 
the alloy (8.33 g/cm3). 

 

Figure 1: Tribocorrosion setup including a reciprocating tribometer and a three-electrode electrochemical cell. 

Table 1: Values of the Experimental Parameters 

Parameter Value in Guadalupe et al. [15] Value in Cao et al. [16] 

Al2O3 ball diameter 6 mm 6 mm 

Normal force 5.8 N, 11.7 N, 17.5 N 5.6 N 

Applied potential 0 VMSE 0 VMSE 

Stroke length 5 mm 5 mm 

Reciprocating frequency 1 Hz 1 Hz 

Total testing time 1800 s 1800 s 

Solution 0.5 M H2SO4 

100 % 0.5 M H2SO4+0 % Glycerol, 
60 % 0.5 M H2SO4+40 % Glycerol, 
40 % 0.5 M H2SO4+60 % Glycerol, 
20 % 0.5 M H2SO4+80 % Glycerol, 
5 % 0.5 M H2SO4+95 % Glycerol 
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The mechanical wear volume Vmech was determined 
by subtracting the total wear volume by the chemical 
wear volume, as shown in Equation (3): 

Vmech =Vtot !Vchem       (3) 

2.3. The Minimum Lubricating Film Thickness 
Calculation 

The theoretical minimum elastohydrodynamic film 
thickness for the above experiments was calculated 
using the Hamrock-Dowson equation [17]: 
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In this equation, u is entraining velocity, u = (vs1+vs2)/2. 
vs1 and vs2 are velocities of the two counterparts. Since 
vs1 = 20 mm/s and vs2 = 0, u = 10 mm/s. η is the 
viscosity of the solution. The viscosities of the 
H2SO4-glycerol mixtures measured by Cao et al. [16] 
are listed in Table 3. 

E′ is effective Young’s modulus calculated using 
Equation (5): 

2
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2
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2

E2
)       (5) 

where, E1, v1 and E2, v2 are Young’s modulus and 
Poisson’s ratio of the CoCrMo alloy and Al2O3, 

respectively. Since E1= 248 GPa, v1=0.3 and E2= 350 
GPa, v2=0.22, the resulted E′ is 313.08 GPa. 

Table 3: Viscosity of the H2SO4-Glycerol Mixtures 

Solution Viscosity 

0.5 M H2SO4 Glycerol [mPa·s] 

100 vol.% 0 vol.% 1.2 ± 0.4 

60 vol.% 40 vol.% 4.9 ± 0.6 

40 vol.% 60 vol.% 14.8 ± 1.8 

20 vol.% 80 vol.% 80.5 ± 6.4 

5 vol.% 95 vol.% 511.4 ± 19.2 

 

R′ is composite radius of curvature, which can be 
calculated using Equation (6): 

1
R!
=
1
R1
+
1
R2

       (6) 

where, R1 and R2 are the radius of the two contacting 
bodies, respectively. Since R1 = 3 mm and R2=+∞, 
R′=3 mm. 

Considering the different normal forces used in [15] 
and different solution viscosities adopted in [16], the 
theoretical minimum film thickness for each 
experimental condition was calculated and added into 
Table 2. 

Table 2: Summary of the Results Obtained from the Tribocorrosion Tests 

Glycerol 
content 
[vol.%] 

Normal force 
[N] CoF Total wear 

[10-3mm3] 
Chemical wear 

[10-3mm3] 
Mechanical wear 

[10-3mm3] 
Lubricating film 

thickness 
[nm] 

0 

5.6 
0.26 ± 0.01 4.67 ± 0.24 3.32 1.35 

0.12 
0.30 ± 0.02 4.72 ± 0.15 3.32 1.40 

5.8 
0.27 ± 0.01 6.56 ± 0.12 3.95 2.61 

0.12 
0.28 ± 0.01 6.67 ± 1.78 4.00 2.67 

11.7 
0.25 ± 0.01 10.16 ± 0.36 6.10 3.13 

0.11 
0.26 ± 0.01 9.80 ± 0.28 6.47 3.33 

17.5 
0.25 ± 0.01 15.61 ± 0.99 8.60 7.01 

0.10 
0.28 ± 0.02 17.69 ± 1.58 8.31 9.38 

40 5.6 
0.29 ± 0.02 2.45 ± 0.05 1.61 0.84 

0.31 
0.27 ± 0.02 2.64 ± 0.05 1.71 0.93 

60 5.6 
0.25 ± 0.01 1.10 ± 0.06 0.8 0.30 

0.63 
0.24 ± 0.02 1.01 ± 0.07 0.74 0.27 

80 5.6 
0.16 ± 0.03 0.43 ± 0.03 0.31 0.12 

1.90 
0.15 ± 0.02 0.48 ± 0.07 0.37 0.11 

95 5.6 
0.09 ± 0.01 0.05 ± 0.02 0.04 0.01 

6.31 
0.11 ± 0.02 0.08 ± 0.01 0.06 0.02 
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3. THE CORRELATION BETWEEN LUBRICATING 
FILM THICKNESS AND THE FRICTION AND WEAR 
OF COCRMO ALLOY IN TRIBOCORROSION 

3.1. Variation of CoF with the Increase of 
Lubricating Film Thickness 

Figure 2 plots the measured CoF against the 
calculated minimum lubricating film thickness. 

In general, the CoF showed a decreasing trend with 
the increase of lubricating film thickness. Based on the 
Stribeck curve [18], these experiments were mostly 
conducted in the mixed lubrication regime. In 0.5 M 
H2SO4 solution without glycerol, the CoF was between 
0.25 and 0.3 under all of the four normal forces and the 
CoF didn’t show a clear reduction with the decrease of 
normal force. This can be explained by the very slight 
increase of lubricating film thickness from 5.6 N to 17.5 
N that could not lead to a significant improvement of 
the lubrication condition. While with the increase of 
glycerol content, the lubrication was dramatically 
promoted, thus the CoF was decreased gradually. This 
indicates that the prevailing lubrication regime was 
mixed lubrication. The CoF was reduced to around 0.1 
in the solution with 95 vol.% glycerol. 

 

Figure 2: Variation of CoF with the increase of lubricating film 
thickness. 

3.2. Variation of Wear with the Increase of 
Lubricating Film Thickness 

Figure 3 to Figure 5 depict the variation of chemical, 
mechanical and total wear volume with the increase of 
calculated minimum lubricating film thickness. All of the 
three types of wear volumes were found to decreasing 
when the lubricating film thickness was getting higher. 
This clearly shows that both electrochemical corrosion 
and mechanical wear of CoCrMo alloy in tribocorrosion 
were significantly influenced by the lubrication effect 
from the solution. 

 

Figure 3: Variation of chemical wear volume with the 
increase of lubricating film thickness. 

 

Figure 4: Variation of mechanical wear volume with the 
increase of lubricating film thickness. 

 

Figure 5: Variation of total wear volume with the increase of 
lubricating film thickness. 

4. DISCUSSION 

Dowson’s empirical correlation between the 
running-in wear and minimum lubricating film thickness 
obtained from MoM hip joint simulator experiments 
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indicated a power function between the running-in wear 
and minimum lubricating film thickness, as shown in 
Equation (1). Thus, it was attempted to apply a power 
function to the chemical, mechanical and total wear in 
Figure 3 to Figure 5. The obtained correlation curves 
were added into the Figure 3 to Figure 5. Surprisingly, 
all of the chemical, mechanical and total wear volume 
showed good correlations with the lubricating film 
thickness under a power function. On the other hand, it 
could also be observed from Figure 3 to Figure 5 that 
even the power values for the chemical, mechanical 
and total wear were different, they are all between -1.1 
and -1.6. Dowson’s correlation only considered the 
total wear and it is interesting to see that the power 
values found in Figure 3 to Figure 5 are quite close to 
Dowson’s value (-1.49) even they are obtained from 
relatively different testing machines and solutions. 

Extracted from Figure 3 to Figure 5, Equations (7) to 
(9) summarized the correlations between theoretical 
minimum lubricating film thickness and the chemical, 
mechanical and total wear of CoCrMo alloy, 
respectively. Since the results in this study were 
obtained from experiments conducted using a universal 
tribometer, Equations (7) to (9) are more representative 
of the real relationship between lubricating film 
thickness and electrochemical corrosion as well as 
mechanical wear of CoCrMo alloy. 

Vchem = 0.47hmin
!1.1        (7) 

Vmech = 0.13hmin
!1.57        (8) 

Vtot = 0.66hmin
!1.17        (9) 

5. CONCLUSION 

In this study, the correlation between wear of 
CoCrMo alloy and theoretical lubricating film thickness 
in tribocorrosion was explored and the following 
conclusions are drawn: 

1. With the increase of lubricating film thickness, 
the coefficient of friction in the tribocorrosion 
experiments showed a clearly decreasing trend, 
which indicated that the prevailing lubrication 
regime was mixed lubrication. 

2. The chemical, mechanical and total wear 
volumes of CoCrMo alloy all showed dramatical 
decrease with the increase of lubricating film 
thickness, which demonstrated the importance 
of lubrication on the tribocorrosion property of 
CoCrMo alloy. 

3. Good correlations were obtained between the 
lubricating film thickness and chemical, 
mechanical and total wear of CoCrMo alloy, 

respectively. Moreover, the new correlations 
were found to be close to Dowson’s correlation. 
The new chemical and mechanical wear 
correlations could be used to generalize Cao’s 
lubricated tribocorrosion model for CoCrMo 
alloy. 
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