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Thawhid Khana , Andrew Robert Beadlingb, Mohamad Taufiqurrakhmanb, and Michael G. Bryantb 

aInstitute of Functional Surfaces, Mechanical Engineering, University of Leeds, Leeds, Yorkshire, UK; bSchool of Mechanical Engineering, 
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ABSTRACT 

Titanium alloys are commonly used in biomedical applications for structural components such as 
hip femoral stems and acetabular cup shells. Whilst the fretting-corrosion degradation of titanium 
(Ti)-alloys has been well documented, the role of hydrogen permeation within these contacts has 
not received much attention despite evidence in clinical retrieval studies. This is likely due to the 
complexity of measurement and simulation. The aim of this study was to better understand the 
effect of tribological and electrochemical mechanisms on hydrogen permeation. A novel detection 
cell based on the Devanathan-Stachurski (DS) cell was designed to investigate hydrogen permeation 
in fretting corrosion contacts found in titanium-aluminum-vanadium (Ti-6Al-4V) alloy. Hydrogen per-
meation was found to be dependent on the amplitude of fretting displacement. Hydrogen perme-
ation was not detected at lower amplitudes (10 and 50lm); whereas, a significant increase in 
hydrogen permeation was found at 150lm displacements. Furthermore, hydrogen permeation was 
found to be affected by the components of the tested physiological saline solution. Presence of 
hydrogen permeation was noticed in 0.9% sodium chloride (NaCl) and physiological saline com-
bined with albumin protein. However, the amount of permeated hydrogen was reduced (38%) 
when hydrogen peroxide (H2O2) was added. While corrosion rate and hydrogen permeation 
increased (6%) significantly when both albumin and H2O2 were added to the solution. These results 
show that fretting induced hydrogen ingress can be simulated and detected in situ within simulated 
aqueous environments. Furthermore, a framework to assess the interactions between fretting and 
hydrogen ingress, which can be translated to other industrial challenges, has been developed.
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Introduction

Titanium-based alloys have gained significant attention in 
various industries due to their exceptional mechanical prop-
erties, low density, and excellent corrosion resistance. These 
alloys find extensive applications in critical components 
such as aerospace structures, gas turbines, and biomedical 
implants. However, despite their remarkable characteristics, 
titanium alloys are susceptible to certain challenges, includ-
ing hydrogen ingress and fretting fatigue, which can com-
promise their structural integrity and performance. (1,2)

Hydrogen ingress, the diffusion of atomic hydrogen into 
the alloy matrix, poses a substantial concern in titanium- 
based alloys. The presence of hydrogen can significantly 
affect their mechanical properties, leading to embrittlement, 
reduced fatigue life, and catastrophic failures. Hydrogen 
embrittlement is particularly critical in applications involv-
ing high-stress environments, where the presence of hydro-
gen atoms at titanium lattice sites can alter the alloy’s 
dislocation movement and fracture behavior. The 

interactions between fretting and hydrogen embrittlement 
have been long established; the acting mechanisms quanti-
fied through systematic materials characterization techni-
ques. The localized surface damage caused by fretting can 
initiate cracks, leading to fatigue failure even under relatively 
low applied stresses. When combined with hydrogen ingress, 
fretting can accelerate crack propagation, exacerbating the 
overall degradation process of the material. (3–5)

Titanium based alloys have found extensive application 
within the biomedical device domain in various physiological 
solutions. (6) In physiological environments the alloy forms a 
thin, dense, and nearly stoichiometric titanium dioxide (TiO2) 
oxide layer on the surface, thereby enhancing the components 
corrosion resistance. (7) The effect of corrosion, wear, and the 
combined synergetic effect of both have been emphasized as the 
predominant reason for implants degradation. However, the 
exact mechanisms of degradation are still unclear. (8) Rodrigues 
et al. (9) reported severe in vivo corrosion and hydrogen 
embrittlement of titanium-aluminum-vanadium (Ti6Al4V- 
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Ti6Al4V) hip modular taper interfaces. Titanium hydride (TiH) 
formation, surface reaction, and cracking within the modular 
interfaces was observed indicating the co-existence and synergis-
tic interaction between tribology, corrosion and hydrogen 
ingress processes. Hydrogen embrittlement has also been impli-
cated on early fracture and failure of dental, spinal and cardio-
vascular stents; all of which have a contacting fretting interface 
in common.

Common tests to assess the corrosion behavior of bio-
medical alloys are typically conducted in solutions like 
physiological saline (0.9% sodium chloride [NaCl]) (10) or 
phosphate-buffered saline (PBS). (11) However, within a 
peri-implant environment biological species such as albumin 
proteins and reactive oxygen species (ROS) such as hydro-
gen peroxide (H2O2) (12,13) can modify corrosion behavior. 
There are limited studies that have extensively investigated 
the effects of these species in combination and in a tribocor-
rosion environment. (14) No studies to date have addressed 
the effect of lubricant chemistry of H2 ingress.

This study will replicate the fretting behavior commonly 
observed within orthopedics between cobalt-chromium-molyb-
denum (CoCrMo) femoral heads and Ti-alloy femoral stems via 
a modular taper connection (15). When this material combin-
ation has been used in a metal-on-metal total hip replacement 
scenarios, unacceptably high revisions rates have been observed 
due to degradation at the CoCrMo-Ti-alloy modular taper inter-
faces. The degradation has been attributed to a fretting fatigue, 
hydrogen embrittlement or tribocorrosion mechanisms. (16)

To effectively address the challenges associated with hydrogen 
ingress and fretting in titanium-based alloys, a comprehensive 
understanding of the underlying mechanisms, including the 
interaction between hydrogen atoms and the alloy matrix, as 
well as the complex tribological phenomena occurring during 
fretting, is required. To achieve this, new methodologies are 
required that enable in situ and real-time assessment of H2 

ingress during tribological processes. In this paper, we present 
the design and development of a novel methodology, based on 
the Devanathan-Stachurski (DS) cell, to investigate the role of 
fretting-corrosion on H2 ingress. This novel cell replaces the 
charging side of a conventional cell with a “lubricated rubbing” 
device that allows the H-permeation to be recorded on the 

detection side and for the effect of different lubricants on hydro-
gen permeation into titanium to be investigated. We aim to bet-
ter understand the mechanisms driving these phenomena 
through by interrogating the roles of slip magnitude and envir-
onment on hydrogen evolution.

Cell design and manufacture

The DS cell is an electrochemical cell used to measure the diffu-
sion coefficient of hydrogen in a solid material. It consists of 
three main components: a solid membrane (Ti6Al4V), two elec-
trode compartments (in this case, tribo and diffusion side), and 
a source of hydrogen (lubricant). The hydrogen flux is directly 
proportional to the partial pressure gradient across the mem-
brane and can be quantified using Fick’s law of diffusion. By 
measuring the current passing through the cell and knowing the 
thickness and area of the membrane, the diffusion coefficient of 
hydrogen in the solid electrolyte can be determined. The cell 
consisted of three main parts; the bottom base to contain the 
detection cell, the top plate which houses the sample with the 
charging cell and the fixing plate which secures the sample to 
the top plate. The depth of the bath was 30.2 mm that allows 
the insertion of the charging cell and the immersion of the elec-
trolytic solution, while also giving a thickness of 7.8 mm at the 
bottom to increase durability. The base had a wall thickness of 
3.8 mm to be able to withstand any high loading applied with-
out cracking.

The fixing plate had a circular shape with four extruded M3 
screw slots originated at a 90� angle between each slot and cov-
ering the border of the plate. Figure 1A represents the fixing 
plate. In the center of the plate, there is a hole that allows con-
tact between the ball and the sample. Moreover, the thickness of 
the plate was 4.8 mm whereas the screw slots had a 2.5 mm 
clearance. This was created a lip sealing mechanism to secure 
the titanium sample onto the top plate Fig. 1B.

The top plate was designed to be inserted inside the bottom 
base. The bath had 18 mm of depth and 68 mm of width, to 
provide space to insert the ball and its fixing mechanism to be 
in contact with the Ti sample. Furthermore, there was a slot 
that allows the insertion of the electrode into the detection cell 

Figure 1. (A) Isometric 3D render of the top plate. (B) Section view illustrating the fastening mechanism (colors were changed for demonstration purposes).
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in the bottom. Figure 1B provides a 3D render of the top plate 
illustrating the main features. Finally, at the bottom of the plate, 
there was the fastening mechanism of the titanium sample. The 
mechanisms consist of a hole tapered in three stages as follows; 
the first stage was a 35 mm in diameter circular cut with 2 mm 
depth. This was modeled to attach the fixing plate. The second 
stage was 25.3 mm circular cut with 2.8 mm depth, this part 
allows inserting the titanium sample over a 2 mm O-ring. The 
O-ring was added to ensure the lubricant used in the charging 
cell do not leak to the detection cell below. The load applied 
from the cantilever which will be elaborated in further sections 
was used to press the O-ring and seal it in position. The final 
stage was a 21 mm circular cut with 5.2 mm depth that allows 
the titanium sample to be in contact with the electrolytic solu-
tion in the detection cell. Figure 1B illustrates the fastening 
mechanism of the titanium sample.

The DS cell parts were manufactured using a 3D printer 
and white photopolymer material. This photopolymer is 
appropriate for the fretting corrosion environment of the 
test, given that virgin wood particle (VWP) is nonconduc-
tive and can withstand considerable amounts of loading.

Materials and methodology

Materials

CoCrMo balls and Ti6Al4V plate samples have been utilized 
in this study. This materials combination is common in total 
hip arthroplasty and can be found in modular taper trunn-
ions (i.e., femoral head-femoral stem), acetabular liner- 
acetabular shell and femoral stem–neck taper connections. 
Wrought Ti6Al4V membrane samples were prepared from 
Ø25 mm diameter bar stock and cut to 0.8 ± 0.05 mm thick-
ness using electrical discharge machining. Prior to each test 
the sample was polished to 1000-grit silicon carbide grinding 
paper. After polishing the sample was rinsed with Ethanol 
and dried using an air compressor to eliminate any debris 
and polishing remains. A Ø28 mm low carbon CoCrMo 
sphere (Ra � 10 nm) was used as the counter surface. A 
combined silver/silver chloride (Ag/AgCl) reference elec-
trode (RE) and Pt (CE) was used to complete the 3-electrode 
electrochemical cell. The Ti-alloy plate and CoCrMo formed 
the working electrode (WE).

In this study, four lubricants were used assessed to 
observe the role of environment on hydrogen permeation. 
All reagents were purchased commercially and used as 
received. Table 1 outlines the lubricants and rationale and 
25 mL of each lubricant was used in the tribo-cell.

Methodology

After assembling, the DS cell was attached to a bespoke fret-
ting rig with a ball on plate configuration. The fretting rig 
was custom made at School of Mechanical Engineering, 
University of Leeds, UK. Details of the fretting instrument 
can be found in Oladokun et al. (17) Figure 2 shows a sche-
matic of the fretting rig with the attached DS cell. Fretting 
was simulated by applying micro-motion to the Ø28 
CoCrMo ball relative to the Ti6Al4V plate under a dead 
weight normal load. This would replicate the fretting behav-
ior at the CoCrMo-Ti-alloy modular taper interfaces. The 
applied cyclic displacement and resultant tangential forces 
were captured at 200 Hz and analyzed as per the frameworks 
presented by Fouvry et al. (18)

Two distinct fretting experiments were carried out in this 
study, where tangential force, energy dissipation, current 
density, and permeated H2 were measured with each 
experiment.

1. Varying displacement on hydrogen permeation: 

Experiment 1 involved using 0.9% NaCl solution and the 
fretting test parameters highlighted in Table 2 at three 
varying displacements: 10, 50, and 150 mm, to target dif-
ferent fretting regimes. Each displacement was tested two 
times for reproducibility. Given that the anodic current 
decays exponentially until reaching steady state, the cell 
was left static for 3600 s to reach steady state before the 
fretting test was initiated.

2. Varying lubricants on hydrogen permeation: 

Experiment 2 used the same fretting conditions as 
Experiment 1; however, sliding displacement was fixed 
to 150mm and four lubricant variants were utilized as 
highlighted in Table 1. Each lubricant was tested at least 
three times for reproducibility.

An automated system was used to control and record the 
electrochemical reactions. The potentiostat was connected 
to, and controlled by, computer software. In this study, the 
anodic potential was applied to the diffusion compartment, 
using a constant overpotential equal to 400 mV versus Ag/ 
AgCl. The resultant net anodic current of the Ti-alloy sur-
face on the diffusion cell side (i.e., non-tribo contact) was 
captured at 1 Hz. Anodic current is measured as it is directly 
proportional to the amount of hydrogen permeating through 
the sample with time. (19) The electrolyte in the diffusion 
compartment was 0.2 M NaOH concentration.

The current density (lA/cm2) was calculated by dividing 
the anodic current by the exposed area of the Ti sample to 

Table 1. Lubricants chosen for this study.

Lubricant Description Rationale

A 0.9% sodium chloride Isotonic saline solution. Commonly used in standards testing
B 0.9% sodium chloride with 0.1% bovine serum albumin (BSA) Isotonic saline solution with addition of organic species.
C 0.9% sodium chloride with 0.1% hydrogen peroxide (H2O2) Simple simulated inflammatory environment. Modified corrosion 

reduction half-cell reaction.
D 0.9% sodium chloride with 0.1% bovine serum albumin (BSA) 

and 0.1% hydrogen peroxide (H2O2)
Isotonic saline solution with addition of organic species. To 

investigate the role of simulated inflammation in presence of 
albumin species.

TRIBOLOGY TRANSACTIONS 1149



the electrolytic solution. The exposed area was found equal 
to 3.46 cm2. Hence, the amount of permeated hydrogen (P) 
was calculated using Eq. [1].

P ¼
1
Ft

ðt
0
Jdt [1] 

where, F is Faraday’s Constant (96.485 C/mol), t is the inte-
gration time, and J is the hydrogen oxidation current density 
(A/cm2).

Results

Fretting loops & energy dissipation

Figure 3 shows the fretting loops for both experiments and 
the dissipated energy per cycle. For the fretting loops, each 
test loops were averaged and plotted against the average tan-
gential force (Ft).

Varying displacement

Figure 3A shows the average fretting loops of Experiment 
1. The fretting loops illustrated an expected regime for 
each selected displacement (20); a stick regime was shown 
with 10 lm displacement illustrating a closed and narrow 
loop. A quasi-stick profile was illustrated with the partial 
slip 50 lm displacements. (21,22) Correspondingly, 150 lm 
displacements had a parallelogram shape demonstrating a 
gross slip regime. However, subtle deviations were noticed 
in the 50 and 150 lm fretting loops when compared to a 
typical partial-slip and gross slip profiles as seen in the lit-
erature. (20) This might be resulted from either the slip-
ping occurring due to wear generation in the region or 
due to some experimental errors such as movements 

occurring to the Ti sample during the fretting test. Liu 
et al. (23) found similar trends and believed it was due to 
the imperfections on the surface finish of the fretting sam-
ples. Fantetti et al. (24) showed a significant change to 
gross slip hysteresis loops due to wear over time, with 
both friction coefficient and contact stiffness also noticeably 
influenced by the wear evolution.

The energy dissipated (Ed) per cycle was plotted in 
Fig. 3B. For Experiment 1, the dissipated energy values for a 
stick regime (10 lm) were significantly minimal with an 
average of 0.002� 10−3 J. The partial slip (50 lm) had a 
slightly higher amount of energy with 0.4� 10−3 J average. 
However, there was a significant difference in energy dissi-
pation with the gross slip regime (150lm) when compared 
to the first two tests (2.86� 10−3 J).

Varying lubricant

Similar analysis was carried out for Experiment 2. Fretting 
loops for the four tested lubricants are illustrated in Fig. 3C. 
There was a noticeable difference in the fretting loops of 
each lubricant although the displacement was fixed to 
150lm for all tests. Lubricant B had the smallest loop illus-
trating lower tangential forces. Correspondingly, Lubricant 
A illustrated higher amounts of dissipated energy, the aver-
age fretting loop was noticeably larger due to higher tangen-
tial forces while having less mismatch in displacement. 
Lubricant C had the largest loop indicating higher tangential 
forces. Moreover, lubricants C and D both had the largest 
amount of slipping as shown in Fig. 3C, while lubricant C 
had more slipping at the edges of the loop.

In terms of dissipated energy for Experiment 2, the 
averaged dissipated energy for each lubricant was plotted 
in Fig. 3D. As expected from the fretting loops plot 
(Fig. 3C) lubricant B had the lowest amount of dissipated 
energy with an average of 2.17� 10−3 J. However, the main 
differences were noticed in lubricants C and D. Lubricant 
C had the largest fretting loop and also illustrated higher 
amounts of dissipated energy (4.51� 10−3 J) than lubricant 
D (3.37� 10−3 J).

Figure 2. Schematic of the fretting corrosion rig with Devanathan-Stachurski (DS) cell.

Table 2. Fretting test parameters utilized in this study.

Load (N) 35

Contact Pressure (MPa) 594
Displacement (lm) 10, 50, and 150
Frequency (Hz) 1
Cycles 10,800 

3,600 static, 3,600 fretting and 3,600 static
Anodic Potential (mV) 400
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Hydrogen permeation current density

Varying displacement

Figure 4A illustrates the measured current density values for 
the three varying displacements for Experiment 1. There was 
no significant increase in both 10 and 50 lm displacements 
tests. The current density n decayed exponentially to a base-
line current without any fluctuations for the duration of the 
test. However, higher displacements of 150lm were found 
to have a significant increase in current density as soon as 
fretting was started at 3600 s. With the 150mm displacement 
tests, the average current density value was 4.77lA/cm2. As 
a result, only 150lm was selected for Experiment 2 to inves-
tigate the four different lubricants.

Varying lubricant

With Experiment 2 (Fig. 4B) each lubricant was tested twice. 
First, lubricant C demonstrated the lowest increase in cur-
rent density at the onset of sliding, with average value 
equaled 3.26 lA/cm2 during the fretting cycle. However, it 

had higher baseline values before initiating the fretting test 
as illustrated in Fig. 4B.

Second, for lubricant A and B, the hydrogen current 
illustrated higher values during fretting when compared to 
lubricant C. Higher current density values proved that more 
amounts of hydrogen were passed through the Ti sample 
during fretting. Also, the baseline values before fretting 
begun for both tests were significantly lower than lubricant 
C. However, the baseline for lubricant B was higher than 
lubricant A. The environment in lubricant A and B seemed 
less corrosive as higher current density values were observed 
when fretting begun illustrating that hydrogen atoms gener-
ated in the charging cell were able to passivate through the 
Ti sample.

Finally, lubricant D current density illustrated a different 
behavior from a typical fretting current density plot. 
Lubricant D current had not yet achieved steady state prior 
to the fretting test. The current density was seen to continue 
in decaying and appeared unaffected from the fretting cycle 
as expected.

Figure 3. Fretting of Ti-6Al-4V-CoCrMo: (A) fretting loops of Experiment 1 while varying displacement. (B) Energy dissipated per cycle for Experiment 1. (C) Fretting 
loops of Experiment 2 with 150mm displacement submerged in different lubricants. (D) Energy dissipated for Experiment 2. Data shown in (B) and (D) are mean 
±95% confidence intervals.
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Hydrogen permeation

The amount of permeated hydrogen with the varying lubri-
cants from Experiment 2 was calculated by integrating the 
current density graphs during fretting. Hence, the values 
were incorporated into Faraday’s law (Eqs. [2]–[4]). For 
each lubricant, the mean value of hydrogen permeation was 
calculated with 95% confidence intervals of the two repeats. 
The averaged values were hence plotted in Fig. 5A. Also, 
hydrogen permeation was plotted against the dissipated 
energy (Ed) (Fig. 5B) obtained from the averaged fretting 
loops (Fig. 3C). Higher values of hydrogen permeation were 
noted in lubricant A and B with significantly less dissipated 
energy. Both lubricants (A and B) illustrated a typical fret-
ting current density trends (Fig. 4B), even though the anodic 
current is not measured due to overpotential and sliding 
wear as done in other studies suggesting a direct link 
between microscale contact perturbations and H2 ingress. 

Nevertheless, lubricant C had the lowest amount of hydro-
gen permeation with the highest amount of energy dissipa-
tion between the four lubricants. The calculated amounts of 
permeated hydrogen were significantly higher when integrat-
ing the fretting area for lubricant D. The current density for 
lubricant D (Fig. 4B) was significantly high before fretting 
begun and did not increase or stabilize once fretting did 
start instead it continued to decay over time. Moreover, the 
amount of permeated hydrogen for lubricant D was 6% and 
9.5% higher than lubricant A and B, respectively. While the 
dissipated energy for lubricant D was 35% and 52% higher 
than lubricant A and B, respectively.

Discussion

For in-vitro conditions Titanium alloys demonstrate excel-
lent corrosion resistance. However, in-vivo with the 

Figure 4. (A) Current density against time for the three selected displacements. (B) Mean ±95% confidence intervals of current density for different lubricants 
through the fretting cycle.

Figure 5. (A) Amount of permeated hydrogen for each lubricant (B) hydrogen permeation plot against dissipated energy. Data shown are mean ±95% confidence 
intervals.
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exposure to tissues the corrosion resistance of titanium 
implants can deteriorate. This is due to the presence of 
superoxide anions (ROS) and H2O2 caused by inflammation 
around the peri-implant tissue. It is hypothesized that in- 
vitro implants undergo a simultaneous action of corrosion 
and wear which can damage the protective oxide layer pre-
sent on the implant. Alongside this the influence of ROS 
and proteins individually or in synergy can lead to further 
degradation of the implant. (8) Although implant retrieval 
analysis shows hydrogen permeation to date, methods to 
assess this in situ and in real-time are limited. The aim of 
this study was to develop a methodology that would enable 
quantification of H2 permeation in real-time. To this end, a 
methodology that utilizes a bespoke DS integrated within a 
fretting tribometer arrangement has been developed. This 
combination allows for tribology and electrochemical proc-
esses to be quantified and synchronized.

Role of slip on H2 permeation

With Experiment 1, traditional fretting loop behaviors were 
observed (Fig. 3A) with the varying displacement and 
matched the expected fretting regimes as highlighted by the 
literature. (,25) Other studies, including those conducted by 
the authors for the same materials couples, loading and slip 
conditions, have found that higher energy dissipation sug-
gested a higher likelihood of wear. (16,26–30) Low and con-
sistent current density measurements (varying between 1.3 
and 0.5 mA/cm2) (Fig. 4A) was observed at the 10 mm and 
50 mm displacements. However, with the 150mm displace-
ment tests a significant increase (varying between 4.5 and 
5.5 mA/cm2) was observed and this corresponded with higher 
energy dissipation (Fig. 3B). This increase in energy was 
also accompanied by higher amounts of hydrogen perme-
ation. This indicated that the slip mechanism potentially 
defined H2 ingress. Previous studies (31,32) have highlighted 
that hydrogen permeation occurs due to the tribological 
wearing occurring at the interface. Gross slip fretting 
regimes have been shown to exhibit the most significant 
wear (33,34) and from Fig. 3A it is possible to see at the 
higher displacement (150lm) gross slip is occurring. 
Compared to other studies this DS cell allows the monitor-
ing of real time H2 permeation during tribological tests 
under fretting conditions. As a result, it can be assumed 
that a combination of nascent metal exposure, from the 
higher assumed wear occurring within the gross slip regime, 
to the lubricant would influence H2 permeation. A limita-
tion of this study is the test duration under partial slip con-
ditions where aspects of crack propagation and fatigue will 
occur further contributing to H2 ingress.

Role of lubricant type on H2 permeation

The electrochemical current trends with the different lubri-
cant variations (Experiment 2) from this study were similar 
to the behaviors observed by Gopal and Manivasagam (8) 
and Zhang et al. (35) who used the same lubricants with the 
exception of using a PBS instead of BSA as the base 

solution. A key difference between this study and others 
(8,35) was that the current density is measured on the 
unworn underside of the Ti sample, which represents a shift 
in the net anodic current due to an increase in Hþ at the 
interface, whereas with the latter study it was measured on 
the fretting worn surface which was due to anodic oxidation. 
The hydrogen permeation current is directly related to the 
quantity of absorbed hydrogen and corresponds to the dif-
ference in hydrogen concentration between the membrane’s 
entry side (at the surface) and the exit side, where the con-
centration is zero due to the applied positive potential. This 
study highlights how H2 permeation plays an influential fac-
tor in wear and corrosion behavior with titanium alloys in 
different physiological simulated environments.

Lubricants A and B

During traditional fretting-corrosion studies, a variation in 
Open Circuit Potential and current density can be observed 
with varying lubricants which is caused by cyclic film depas-
sivation and regeneration. (36) Similarly in this study, the 
role of lubricant was seen to influence the ingress of H2. 

Whilst lubricant A and B produced the highest total amount 
of H2 permeated, albeit with little difference observed 
between the two lubricants, differences in the baseline cur-
rent prior to slip were observed. Prior to slip, the addition 
of BSA increased the measured current within the detection 
cell indicating a higher hydrogen permeation. Although this 
study detects electrochemical transients within the charging 
cell, parallels with existing corrosion and tribocorrosion 
studies can be made in terms of the roles of BSA. Overall, 
the current density baselines for Lubricants A & B were the 
lowest before fretting begun, indicating low pure corrosion 
was occurring and therefore low hydrogen permeation. This 
indicates synergy between an increase in hydrogen perme-
ation and the tribological interactions during fretting, which 
was supported by the findings of Esfahani et al. (31) who 
showed H2 permeation was linked to tribological wearing.

The lower current density behavior observed during fret-
ting when using a combination of NaClþBSA (lubricant B) 
in-comparison to just NaCl solution (lubricant A) was simi-
lar to observed by Liamas et al. (9) It is believed that the 
slightly lower current density with the BSA solution was due 
to its molecules adsorbing on to the titanium surface that 
would inhibit the rate of oxygen cathodic reactions and 
move the corrosion potential toward more cathodic levels. 
(37) Karimi and Alfantazi (38) highlighted similar trends to 
this study where BSA was found to enhance the corrosion 
of Ti alloy before fretting occurred in-comparison to the 
NaCl solution hypothesizing BSA may deteriorate the oxide 
film stability and encouraged corrosion. This may indicate 
that corrosion, tribocorrosion and H2 ingress are intrinsic-
ally linked and affected by the nature of surface adsorbed 
layers. (39)

In this study BSA individually (lubricant B) demonstrated 
high current density and the lowest tangential forces, indi-
cating the wear mechanism was more corrosion dominated 
than mechanical. While the lubricant with BSA had the low-
est tangential force there was significant slipping occurring 
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at the edges (Fig. 3C). This behavior may be due to albumin 
being known to form a thin layer on the surface of the sam-
ple. (40)

Lubricant C

Lubricant C, which was NaClþH2O2, had a higher baseline 
current prior to the application of fretting when compared 
to lubricants AþB, Interestingly, upon the application of 
fretting, the synergy between mechanical and H2 ingress was 
not as significant, when compared to lubricants A and B 
suggesting the addition of H2O2 inhibits the fretting induced 
H2 permeability synergy.

Similar behavior was observed by Zhang et al., (35) and 
it was believed H2O2 increases the corrosion rate of the Ti 
alloy and increased corrosion can lead to an increase in H2 

permeation. (39) Corrosion could be generated from the 
H2O2 decomposed products reacting with the Ti free ions 
liberated from the interface and free hydrogen atoms found 
in the environment. (41) The overall low current density 
behavior observed during fretting with NaClþH2O2 (lubri-
cant C) compared to the other lubricants can be due to the 
depassivation/repassivation behavior when it interacts with 
the Titanium alloy. The low-density current indicates that 
the repassivation rate was significant compared to the depas-
sivation rate due to the strong oxidizing nature of H2O2. It 
is believed that after depassivation there is an instantaneous 
regrowth of the oxide layer which would help to reduce cor-
rosion and act as a barrier reducing H2 permeation, whereas 
with the NaCl (lubricant A) and NaClþBSA (lubricant B) 
solutions the depassivation and repassivation rate is bal-
anced and in a state of equilibrium. (10) Similar behaviors 
were observed by Ratoi et al. (42) supporting the hypothesis 
that even though large amounts of hydrogen can be gener-
ated in a hydrogen environment, a specific chemical tribo-
film formation or layer presence can prevent its subsequent 
diffusion into the substrate during the tribological wearing 
process, which may explain the synergist observations for 
Lubricant C had the lowest hydrogen permeation.

This continuous behavior of depassivation and repassiva-
tion can lead to the formation of oxidized wear debris that 
may become embedded between the fretting components. 
(8) Several studies have shown that the presence of H2O2 

(lubricant C) causes the highest wear, (15,43,44) where it is 
believed H2O2 causes a significant increase in metal release 
compared to NaCl or PBS base solution. The lower current 
density but higher tangential forces when H2O2 is present 
may indicate the wear with this lubricant is mechanically 
dominated.

Lubricant D

A higher current density is observed when using a combin-
ation of H2O2 and BSA lubricant (lubricant D) in-compari-
son to just H2O2 (lubricant C). Zhang et al. (35) found this 
corresponded with the formation of a thin corrosion prod-
uct layer on the titanium component, which would lead to 
increased H2 presence and permeation from the surface. It 
is believed BSA promotes dissolution of the peroxide 

corrosion product layer. Sousa et al. (45) studied the inter-
action of BSA with a peroxide corrosion layer from a kinetic 
perspective of the BSA adhesion, adsorption and desorption. 
The research revealed that the hydrophilic surface of TiO2, 
following immersion in H2O2, exhibited reduced albumin 
adsorption. Studies have shown that albumin can inhibit the 
corrosion of Ti alloys. (46–48) However, it demonstrated a 
higher work of adhesion, indicating a stronger attachment 
to the surface in comparison to the more hydrophobic sput-
tered TiO2 surface. Following the adsorption phase, it was 
proposed that the exchangeability of albumin underwent 
temporal changes. Specifically, after 24 h, the albumin mole-
cules adsorbed on the H2O2-treated TiO2 surface appeared 
to be less readily exchangeable than those on the sputtered 
TiO2 surface. However, after 72 h, nearly all the adsorbed 
albumin molecules effectively exchanged with others. This 
suggests that a longer duration is necessary for the exchange 
of albumin molecules adsorbed on the surface of H2O2-TiO2 

complexes. Consequently, the observed time-dependent dis-
solution behavior in the presence of this work aligns with 
the slow, rate-determining process of desorption of albu-
min-metal complexes, potentially resulting in thinner 
oxides. (35)

Berbel et al. (49) showed similar trends in the presence of 
H2O2 and BSA with the increase current density, which they 
believed gave a good indication of the aggressiveness of the 
solution toward the TiO2 layer. Overall lubricant D had the 
highest hydrogen permeation prior to fretting, the baseline 
current density value was noticeably higher than the other 
fluids and over the duration of the testing, fretting seemed 
to have minimal impact on its trend. This suggests that the 
H2O2 and BSA lubricant (lubricant D) creates a severe cor-
rosive environment through preventing the adsorption of 
albumin, (49) encouraging high H2 permeation from the on- 
set. It is believed the degradation of the Ti64 materials was 
mainly caused by H2O2 but was further enhanced by the 
presence of BSA. (50)

The two lubricants containing H2O2 (lubricants C & D) 
had the lowest current densities and the highest energy dis-
sipations and tangential forces. The high tangential forces 
were combined with a considerable mismatch in displace-
ments. This mismatch could be due to the generation of 
wear debris at the central region due to plastic deformation 
caused by the contact of asperities. This can result in the 
generated particles to shift near the edge of contact. Other 
studies have shown that these wear debris were hence oxi-
dized, forming a thin layer at the Ti surface which contrib-
utes to the slipping occurring at the region. (51) A 
combination of increased tangential forces and higher 
energy dissipation with the presence of H2O2 indicate it 
would potentially have a detrimental effect on titanium 
implants.

Conclusions

The modified DS cell showed it can be used as a method for 
in-situ evaluation of different fretting regimes and aqueous 
environments in respect of their ability to generate 
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hydrogen. This cell measured the shift in net anodic current 
on the unworn underside of the Ti sample due to an 
increase Hþ at the fretting interface. The key conclusions 
drawn from the work are:

� Hydrogen permeation was found to be dependent on the 
amplitude of fretting displacement. At low fretting dis-
placements (10 and 50 lm) hydrogen permeation was 
not detected, whereas at 150mm a significant increase in 
hydrogen ingress was detected.

� There is a clear synergy between the tribological wear 
and the H2 ingress. With the 0.9% (NaCl) and physio-
logical saline combined with albumin protein lubricants, 
prior to fretting low hydrogen permeation was measured; 
however, with the on-set of tribological wearing, a sig-
nificant increase in hydrogen ingress was measured.

� The formation of a specific chemical tribofilm formation 
or layer presence can prevent hydrogen diffusion into the 
titanium substrate during tribological fretting. With the 
addition of H2O2 to the NaCl lubricant there was a drop 
in hydrogen permeation by 38% and this is believed to 
be due to the formation of a protective layer.

Future work

This study serves as an initial yet valuable preliminary investi-
gation into real-time monitoring of the effect of aqueous bio- 
environments on hydrogen generation. Future work will focus 
on in-depth wear and chemical analysis using techniques such 
as scanning electron microscope (SEM) with energy dispersive 
x-ray analysis (EDX). This would allow for wear mechanisms 
to be identified and the characterization of any protective 
layers formed. This approach will provide a deeper insight 
into the effect of the lubricant on friction and wear behavior 
alongside the ability of any formed layers to encourage or hin-
der hydrogen permeation. Ultimately, this expanded research 
will build upon the preliminary findings presented here, 
enhancing our understanding and leading to improved repro-
ducibility and reliability in the real-time assessment of the 
effect of hydrogen permeation.
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