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A B S T R A C T   

Exploring the fundamental mechanisms of hydrogen generation from a lubricated rubbing contact is a critical 
step to mitigate premature failure of mechanical elements. This work employs an in-situ hydrogen uptake 
technique and molecular dynamics simulations to study the thermo-mechanical effects on the hydrogen gener-
ation in lubricated contacts. The hydrogen uptake is measured on AISI 52100 bearing steel at temperature of 27 
◦C and 85 ◦C under applied pressure of 140 kPa and 350 kPa. Experimental measurements are modeled through 
atomic simulations using the reactive force field potential. The hydrogen generation associated with the Poly 
Alpha Olefin decomposition is studied through calculating the pair distribution function. Findings demonstrate 
enhancing hydrocarbon decomposition with increasing temperature and pressure, while a critical pressure is 
required for the decomposition process at the ambient temperature. The critical pressure for lubricant degra-
dation is reduced with increasing the temperature. This study highlights the incorporation of thermo-mechanical 
effects on the hydrogen generation for the design and development of lubricated rubbing contacts.   

1. Introduction 

Wind energy has been reported as the second source of power pro-
duction in Europe according to a study conducted by Wind Europe [1]. 
The majority of rolling element bearings commonly used in wind tur-
bines are made from through hardened and case hardened steels, where 
the through hardened AISI 52100 steel is widely used in the wind tur-
bine gearboxes in different heat treatment conditions by offering unique 
mechanical properties [2]. Despite of wide range applications, AISI 
52100 alloys are susceptible to “hydrogen embrittlement” leading to a 
loss of ductility. This premature failure in rolling contact bearings in 
wind turbines has a direct impact on the energy price due to the 
downtime and maintenance costs. Various efforts have been carried out 
to study the hydrogen embrittlement in rolling contact bearings. Uyama 
et al. [3] and Ciruna et al. [4] report hydrogen content in the bearing 
steel as one of the major reasons of the reduced bearing life cycles. They 
found that fatigue life of bearing steel is inversely proportional to the 
hydrogen content in the steel. For instance, they correlated the reduc-
tion of fatigue life of the bearing steel about three orders of magnitude 
only with the diffusion of 4 ppm hydrogen into the steel. Similarly, 
Uyama et al. [3] showed that increasing the hydrogen content in the 

steel, from 0.03 mass-ppm to 1.2 mass-ppm, reduces the fatigue life 
more than one order of magnitude. Such a shorter life of 
hydrogen-charged steels is linked to the localised microstructural 
changes under rolling-contact fatigue (RCF) tests. There are various 
resources generating atomic hydrogen in lubricated mechanical ele-
ments such as lubricant contamination, water in lubricant, tribochem-
ical and thermal lubricant decomposition [3,5,6]. In this respect, 
frictional heating and shear stress are the other parameters promoting 
the lubricant decomposition in bearings [7]. The atomic hydrogen in the 
mechanical components can impose several detrimental impacts leading 
to a reduction in lifetime through premature failure [4,8]. In tribological 
components, the hydrogen atoms can be considered as one of the 
important drivers to develop white etching cracks (WEC) and rolling 
contact fatigue [4,9–11]. Unlike hydrogen molecules, hydrogen atoms 
readily diffuse through the metal due to their small size. Various studies 
suggest the monoatomic hydrogen generation during the surface rub-
bing of lubricated contacts, which is a direct result of the lubricant 
decomposition during tribochemical reactions at the contact interface 
[12]. Therefore, it is important to follow up the hydrogen generation 
and its permeation rate in order to predict the safe functioning of 
tribological components. In this respect, K̈urten et al. [10] have found no 

* Corresponding author. 
E-mail address: mohammad.nasresfahani@york.ac.uk (M.N. Esfahani).  

Contents lists available at ScienceDirect 

Tribology International 
journal homepage: www.elsevier.com/locate/triboint 

https://doi.org/10.1016/j.triboint.2023.108355 
Received 29 October 2022; Received in revised form 14 February 2023; Accepted 16 February 2023   

mailto:mohammad.nasresfahani@york.ac.uk
www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2023.108355
https://doi.org/10.1016/j.triboint.2023.108355
https://doi.org/10.1016/j.triboint.2023.108355
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2023.108355&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Tribology International 182 (2023) 108355

2

sign of premature failure in bearings lubricated with a 
non-hydrocarbon-based lubricant leading to an improvement of the 
bearing life by preventing the formation of WEC or brittle flaking. This 
was linked to the lack of hydrogen atoms in the tribochemical decom-
position of the lubricant. A similar study on the perfluoropolyether 
lubricant demonstrates the absence of hydrogen in a lubricated 
tribo-contact, where no hydrogen permeation was detected during the 
use of such a hydrogen-free lubricant [13]. Extensive research has been 
conducted in recent decades to prevent hydrogen-related premature 
failures by introducing new additives in the lubricant formulations and 
improving tribological components. Niste et al. [14] reports that WS2 
nanoadditized oil enhances the life cycle of bearing steels through 
forming a chemical tribofilm on the wear track, which reduces hydrogen 
ingress into the steel. Several researchers have also found that some 
sulphur- and phosphorous-containing additives can prevent hydrogen 
generation from tribo-contacts by deactivating nascent steel surface [7]. 
In contrast, some anti-wear additives such as zinc dialkyldithophosphate 
(ZDDP) containing sulphur and phosphorus can promote the hydrogen 
permeation into the steel by inhibiting the recombination of hydrogen 
atoms into hydrogen molecules [15]. It is now very well-known that a 
highly active nascent steel surface accelerates lubricant decomposition 
leading to a higher hydrogen evolution rate [7]. On the other hand, 
sulphonates in the lubricant can enhance the hydrogen permeation by 
hindering the recombination of hydrogen atoms on the surface [16]. In 
addition to additives in lubricants, surface coating can be used as a tool 
to mitigate hydrogen diffusion. For example, the use of a diamond-like 
carbon coating on the steel surface demonstrates a five-fold reduction 
in the hydrogen desorption from tribochemical lubricant decomposition 
compared to an un-coated surface [5]. This was traced back to the high 
gas barrier property of the coating as well as a less friction heat gener-
ated at the contact interface of the coated surface. 

Experimental results so far have shown that hydrocarbon lubricants 
are the major source of hydrogen in tribo-contacts [3,5,6,13]. On the 
other hand, a uniform tribofilm formed across the wear track can act as a 
physical barrier for hydrogen intrusion and, therefore, reduce hydrogen 
permeation by impeding the formation of nascent steel surface. Further 
to those experimental studies, various theoretical approaches have been 
developed to understand the lubricant behaviour [17,18], hydrogen 
diffusion [19] and tribochemical reactions [20,21]. Molecular dynamics 
(MD) is considered as a powerful tool to model oxidation [22] and 
chemical reactions on the tribological surfaces [20,21]. 

However, the fundamental mechanisms of hydrogen generation from 
a lubricated rubbing contact are yet to remain as an ongoing question. In 
this respect, understanding important factors on the hydrogen genera-
tion and its diffusion into the steel are primary steps towards mitigating 
premature failures of mechanical elements. In this work a combination 
of computational modeling and experimental results are employed to 
investigate the complex interplay between operational factors and the 
hydrogen uptake rate into the steel. A newly developed in-situ mea-
surement technique [13,23] is used to monitor hydrogen intrusion into 
the steel under various temperature and pressure testing conditions. A 
reactive MD model is developed to explore experimental measurements 
through a close replica of the actual tribochemical environment. In the 
remainder, the sample preparation and measurement technique will be 
discussed first. This will be followed by describing MD simulations on 
the hydrogen generation at different temperature and pressure. This 
work is concluded by a discussion on the thermo-mechanical analysis of 

hydrogen generation on lubricated contacts. 

2. Materials and methods 

2.1. Sample preparation and materials 

The metal membrane was made of AISI 52100 bearing steel (con-
taining 1 wt% C and 1.5 wt% Cr). The membrane with a thickness of 800 
µm was prepared from a 40 mm diameter bar using a wire cutting ma-
chine, where both sides were polished up to 1000 grit SiC grinder paper. 
One side of the membrane was then coated with a 40 nm of palladium 
layer to be used as the detection side of the sample where the hydrogen 
atoms emerge. A K650X sputter coater was utilized to deposit the 
palladium film. Palladium film was utilized to catalyse atomic hydrogen 
oxidation and increase the detection efficiency of the measurement [24, 
25]. 

The rubbing counterpart was a ring made of 303 stainless steels (Fe- 
0.1–18 Cr-9Ni-2Mn-1Si-1Cu in wt%) with a contact area of 216 mm2. 
Stainless steel was used to minimize the effect of rubbing counterpart 
corrosion on the hydrogen permeation results, especially in the presence 
of water contamination in the lubricant. The running surface of the ring 
was machined to a roughness of Ra ≈ 12 µm. The rubbing interface is 
comprised of two flat surfaces, which makes the rubbing contact 
different from most common tribological contacts. Hence, estimation of 
the lambda ratio is unreliable for such a rubbing contact. The very high 
roughness of the surface was intentionally employed in order to promote 
boundary lubrication regime and increase the wear. The high wear 
volume and large contact area together increase the hydrogen genera-
tion rate. Highly pure Poly Alpha Olefin (PAO) synthetic base oil with a 
kinematic viscosity of about 4.0 cSt at 100 ◦C was used as the lubricant. 
No lubricant additives were mixed with the base oil to allow the nu-
merical modeling to investigate basic mechanism of the hydrogen 
uptake. 

2.2. Hydrogen uptake measurement technique 

Previous studies reporting hydrogen-induced failures in lubricated 
surfaces have mainly used ex-situ techniques to measure hydrogen entry 
into the steel. A newly measurement technique has already been 
developed to quantify hydrogen permeation in real-time. This novel 
apparatus enables quantitative measurement of hydrogen permeation 
from a lubricated contact. This method was employed to study the effect 
of water contamination, anti-wear and friction modifier additives on 
tribologically-induced hydrogen uptake from a lubricated interface [13, 
23]. 

This setup comprises of a lubricated rubbing part to generate 
hydrogen and a three-electrode electro chemical cell to detect emerging 
hydrogen permeated through a thin metal membrane separating the two 
parts. Hydrogen is produced at the interface of the contact between the 
steel membrane and a rubbing counterpart. Some of these hydrogen 
atoms diffuse into the metal membrane and the rest form hydrogen 
molecules and escape from the surface. Details of this measurement 
technique can be found in [23]. 

In this study, the electrochemical detection cell consists of a plat-
inum counter electrode in combination with an Ag/AgCl (3 M KCl) 
reference electrode, while the steel membrane is used as the working 
electrode. A compactstat Ivium potentiostat was utilised to apply a 
constant 115 mV polarization (versus Ag/AgCl electrode) in deaerated 
0.1 Molar NaOH solution. This polarised surface will oxidize the 
hydrogen atoms emerging on the output face. The hydrogen charge can 
be induced during the manufacturing, heat treatment and preparation 
processes. Hence, this polarised surface will oxidise the hydrogen atoms 
emerging on the output surface. Therefore, before rubbing the surface, 
the metal sample was left until the background current density reached 
below 250 nA/cm2. This background current is small enough to show 
any hydrogen diffusion during the rubbing process. Subsequently, 125 

Table 1 
Operating parameters.  

Kinematics Oscillatory motion 
Load 35 N and 70 N 
Angular displacement amplitude 55 deg. 
Temperature 27◦C and 85◦C 
Frequency 1 Hz  
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ml of PAO hydrocarbon base oil lubricant was added to the oil bath, 
where the rubbing occurs between the surface of the metal membrane 
and the rubbing counterpart. 

In order to contribute to the understanding of the role of contact 
pressure and temperature on hydrogen permeation rate, tests were 
conducted at two different loads and two different temperatures as 
presented in Table 1. The oil circulated through a heat exchanger during 
the experiment in order to keep the temperature constant. The lubricant 
flow rate was measured around 25 ml/min. Oscillation occurs between 
the tribological side of the membrane and the counterpart. Applying the 
load and starting oscillatory motion only started after the temperature 
reached the considered level. Once the rubbing started, the oxidation 
current is captured every 10 s. The hydrogen permeation transient curve 
and its key features were described previously [13]. Mathematical 
analysis derived from the Fick’s second law can be used to calculate total 
amount of hydrogen permeation into the steel [23]. Each experiment 
was repeated at least twice, where the permeation current density was 
calculated using the average over a longer period of time in the plateau 
region. The employed in-situ technique has ± 10% repeatability for the 
recorded values in the plateau region of the curves for an identical 
measurement condition [13,23]. The steel membrane was unmounted 
and rinsed with heptane after the test and kept in a desiccator for 
post-mortem analysis. 

2.3. Surface analysis 

Raman spectroscopy was employed to chemically characterise the 
wear scar and achieve a better understanding of the hydrogen perme-
ation mechanism. A Renishaw InVia spectrometer (UK) was employed 
for Raman spectroscopy analyses with 488 nm wavelength laser oper-
ating at a maximum laser power of 10 mW at the source. The laser spot 
diameter was 800 nm. All Raman spectra were acquired within the range 
of 150–1670 cm−1 at room temperature. 

3. Computational models 

The reaction between PAO and steel is modeled through using the 
reactive force field (ReaxFF) potential. This potential considers the 
chemical reactions, dissociation and formation of chemical bonds, and 
diffusion, where the energy of the system is written as.  
Esys = Ebond + Eover + Eunder + Eval + Etor + Epen + Econj + Evdwalls +

Ecoulomb                                                                                          (1) 
where Ebond is bond energy, Eover and Eunder are the over-coordination 

and under-coordination energy, respectively, Eval is valence angle en-
ergy, Etor is the energy associated with torsion angle term, Epen is the 
penalty energy of over/under coordination in central atom, Econj is the 
energy of conjunction effects, EvdWalls is the nonbonded van der Waals 
interactions and Ecolomb is the nonbond associated with Coulomb en-
ergies. This study uses the force field parameters to model lubricant/iron 
interactions obtained from Aryanpour et al. [26]. An iron slab interfaced 
with PAO molecules is modeled with applying periodic boundary con-
dition along x - and y-directions, while a fixed boundary condition is 

considered along z - direction with a reflecting wall at the end of the 
simulation cell to confine the PAO molecules (Fig. 1). The vacuum slab 
along z -direction is adjusted such a way to control the pressure in the 
PAO molecules. Similar approach has been utilised to model oxidation 
processes [27]. All MD simulations are carried out using LAMMPS 
frameworks [28]. A Maxwell-Boltzmann distribution is considered for 
the initial velocities. At first, energy minimisation is performed by a 
conjugate gradient method to eliminate thermal fluctuations. Then, a 
canonical (NVT) ensemble is employed using Nose-Hoover thermostats 
at a temperature of 27 ◦C. A time step of 0.05 fs is considered for all 
simulations. The atomic charges are updated for every time step to 
minimise the electrostatic energy. 

4. Results 

4.1. Experimental results 

In order to understand the influence of contact pressure on hydrogen 
uptake, experiment was conducted at two different applied loads of 70 N 
and 35 N, having PAO base oil as lubricant. Considering the contact 
surface area between the membrane and tribo-couple, the equivalent 
nominal apparent pressure related to 70 N and 35 N were almost 350 
kPa and 140 kPa, respectively. The real pressure at asperity-asperity 
contacts is much higher especially due to a very rough surface of the 
counterpart. Fig. 2 demonstrates the current density for different pres-
sure and temperature levels compared with the static system without 
any rubbing at the ambient condition. At the ambient temperature, the 
current density is negligible for pressure less than 140 kPa. Three stages 
are recognised in the measured current density with increasing the 
pressure and temperature. The first stage is the time that the current 
density remains in a background level as a latent time. Then there is a 
significant increase in the current density at the second stage repre-
senting a transient situation. In the last stage, the current density reaches 
to a steady-state condition without any significant changes. In a pre-
liminary analysis, results indicate no hydrogen permeation into the steel 
for the ambient condition without rubbing. At a temperature of 27 ◦C, 
the hydrogen permeation rate is negligible in a pressure of 140 kPa, 
while the current density changes from 0.2 µA/cm2 to 0.26 µA/cm2 after 
2000 s in a pressure of 350 kPa. Hydrogen permeation rate raises 

Fig. 1. Initial configuration of iron slab and PAO molecules. The brown, blue 
and green spheres represent Fe, C and H atoms, respectively. 

Fig. 2. Current density changes over time at temperature of (a) 27 ◦C and (b) 
85 ◦C in different pressure levels of 140 kPa and 350 kPa. 
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significantly by changing the temperature into 85 ◦C, while the latent 
time increases to about 5000 s. The current density changes from the 
background level to 0.31 µA/cm2 and 0.38 µA/cm2 for a pressure of 140 
kPa and 350 kPa at the transient stage, respectively. The transient time 
for hydrogen atoms to emerge on the detection cell depends on the 
thickness of the membrane and the metallurgical state of the metal. The 
steady state current values depend on the hydrogen concentration on the 
rubbing interface, the membrane thickness and the effective diffusion 
coefficient. Considering the same membrane thickness and metallurgical 
state, results in Fig. 2 exhibit changes in the hydrogen concentration on 
the rubbing interface with increasing temperature and pressure. The 
change of temperature and frictional heat could affect hydrogen diffu-
sion coefficient of the membrane which assumed to be trivial in this 
measurement technique. While computational modeling confirms these 
experimental results, further studies are required to investigate the 

effect of other parameters, especially due to the complex nature of the 
lubricated rubbing interface. 

After measuring the hydrogen permeation at different temperature 
and pressure levels, the surface analysis was carried out on the mem-
branes by Raman spectrometry. Fig. 3 presents Raman spectra obtained 
from wear track of the steel surface after testing with PAO base oil. 
Raman spectra in Fig. 3(a) exhibit the formation of both hematite (F 
e2O3) and magnetite (F e3O4) on the surface of the sample tested at the 
contact pressure of 350 kPa. The formation of hematite is evident from 
peaks observed between 200 cm−1to 400 cm−1, while the Raman peak 
at 670 cm−1indicates the formation of magnetite. A single Raman peak 
at 670 cm−1 for magnetite is observed within the worn region of the 
specimen tested at 140 kPa contact pressure [29]. The broad peaks 
observed at 1370 cm−1 and 1590 cm−1 belong to the amorphous carbon 
[30]. On the other hand, Fig. 3(b) reveals magnetite and amorphous 
carbon formation on both sample surfaces tested at 85 ◦C at different 
contact pressures, 140 kPa and 350 kPa. Raman spectra in Fig. 3 show 
that the magnetite formation is promoted with increasing energy input 
into the contact by higher load or temperature. 

4.2. Computational results 

To model the experiments discussed earlier, the reaction between 
PAO and iron is studied first. Fig. 4 demonstrates the reactive atomic 
simulations of the iron-PAO system at 27 ◦C and pressure of 100 kPa 
over the time. The reaction begins at the early stage of contact PAO with 
the surface of iron, which can be observed from the chemical in-
teractions between hydrogen and iron (Fig. 4(d)). The hydrogen gen-
eration in this reaction includes hydrogen atoms on the iron surface and 
hydrogen molecules inside PAO. Some of the hydrogen atoms generated 
on the surface diffuse into the iron slab. This hydrogen generation in 
lubricated contact is a function of thermal and mechanical boundary 
conditions. The hydrogen atom diffused into the iron slab can be 
analyzed based on atomic charge in MD simulations. 

The charge distribution of iron, hydrogen and carbon atoms along z 
-direction of the simulation domain at 27 ◦C and different pressure is 
shown in Fig. 5. The iron atoms are positively charged and indicate two 
distinct zones: A thin layer (2–4 ̊A) of iron atoms with a charge less than 
+ 0.2e inside the iron slab (indicated with dashed line in Fig. 5), and a 
thick layer (6–8 ̊A) of iron with a charge more than + 0.4e outside of the 
iron slab. The thin iron layer on the iron-PAO interface is the zone of 
diffused hydrogen, while the thick iron layer with high positive charge 
represents iron atoms penetrated into the lubricant through chemical 
reactions. The hydrogen atoms create three distinct zones. The major 

Fig. 3. Raman spectra obtained from wear scars on tribopair after the test using 
PAO base oil at temperature of (a) 27 ◦C and (b) 85 ◦C in different pressure 
levels of 140 kPa and 350 kPa. 

Fig. 4. The proceeding of iron/PAO interactions at 27 ◦C and pressure of 100 kPa after (a) 5 ps, (b) 10 ps and (c) 25 ps associated with (d) Fe-H pair distribution 
functions. The brown, blue and green spheres represent iron, carbon and hydrogen atoms, respectively. 
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hydrogen atoms are positively charged (+0.1e) inside the PAO, while 
there are hydrogen atoms negatively charge near the iron-PAO interface 
and inside the iron slab. Those hydrogen atoms inside the iron slab have 
a negative charge of − 0.2e, while hydrogen atoms inside the lubricant 
exhibit a change less than − 0.2e. Those hydrogen atoms with a negative 
charge inside the lubricant form hydrogen molecules. Based on such a 
charge distribution, hydrogen atoms penetrated into the iron slab can be 

estimated in MD simulations. 
The impact of temperature and pressure on the hydrogen generation 

is studied through estimating penetrated hydrogen atoms inside the iron 
slab (Fig. 6). Regardless of thermo-mechanical condition, results exhibit 
two stages in the hydrogen generation including a transient state and 
steady-state zone. There is a significant rate on the hydrogen generation 
at the transient stage (before 5 ps) of the chemical reactions between 
iron and PAO, while this rate reduces reaching to a steady-state condi-
tion mainly after 15 ps. Starting from pressure effect, the rate of 
hydrogen generation increases through raising the pressure, where the 
number of generated hydrogen at 27 ◦C changes from 2000 (10−12 mol/ 
cm−2) to 6000 (10−12 mol/cm−2) with increasing the pressure from 100 
kPa to 350 kPa. This pressure effect becomes less effective at 85 ◦C, 
where changing the pressure from 100 kPa to 350 kPa increases the 
number of generated hydrogen from 4500 (10−12 mol/cm−2) to 7000 
(10−12 mol/cm−2). Although the temperature has a dramatic impact on 
the hydrogen generation at the atmospheric pressure, the influence of 
temperature becomes insignificant at higher pressures. 

After analysing the hydrogen generation, decomposition of hydro-
carbon is analyzed through calculating the pair distribution function for 
carbon (C) and hydrogen (H) bonds. Fig. 7 exhibits the effect of pressure 
and temperature on the decomposition process. A main peak of the pair 
distribution function for C-C and C-H is observed at 1.57 ̊A and 1.12 ̊A, 
respectively. The dominant peak for H-H bonds is found at 1.80 ̊A. Re-
sults show a reduction in the peak density of hydrocarbons indicating 
decomposition process on the iron surface, where increasing the pres-
sure enhances the decomposition process. Increasing temperature from 
27 ◦C and 85 ◦C intensifies the hydrocarbon decomposition process 
further. Comparing the pair distribution functions indicates that the 
temperature has higher impact on the decomposition process compared 
to the pressure. 

5. Discussion 

Experimental and computational results can be compared to evaluate 
temperature and mechanical pressures effects on the hydrogen genera-
tion in lubricated rubbing contacts. At first, one need to understand the 
hydrogen generation pathway from hydrocarbon lubricant as shown in  
Fig. 8. It has been found that nascent metal surface and shear stress 
catalyse the decomposition rate of the lubricant leading to higher gen-
eration of hydrogen [31,32]. Then the generated hydrogen atoms need 
to diffuse into the nascent steel. Therefore, the hydrogen permeation in 
lubricated rubbing contact has two main steps of hydrocarbon decom-
position and hydrogen atom diffusion. Now, this can be analyzed from 
experimental and computational standpoints. 

Measurement results exhibit that both temperature and mechanical 
pressure are effective on the hydrogen permeation in lubricated contacts 
(Fig. 2). In this respect, temperature is found to have a stronger impact 
compared to the pressure, which can be identified through comparing 
the current density at a pressure of 140 kPa. Although no hydrogen is 
detected at a pressure of 140 kPa at 27 ◦C, increasing the temperature to 
85 ◦C activate the hydrogen permeation in lubricated rubbing contact. 
Atomic simulations demonstrated in Fig. 6 show the temperature and 
mechanical pressure effects on the hydrogen generation, which exhibits 
the same trend compared to experimental measurements. In this regard, 
MD simulations show the hydrogen generation at room temperature and 
pressure below 140 kPa, while there is no change in the current density 
measurements at temperature of 27 ◦C and pressure of 140 kPa. This can 
be linked to the critical load required for hydrogen permeation reported 
previously [31]. A minimum load is required to remove the oxide layer 
from the surface and forming a nascent metal surface subsequently to 
promote lubricant decomposition and hydrogen evolution. Increasing 
the contact pressure forms a larger surface area exposing more nascent 
surface to the lubricant, which leads to accelerating tribochemical re-
actions. Kohara et al. [7] reports that the hydrogen generation rate is 
proportional to the wear width, where there is no additive used in the 

Fig. 5. Charge distribution of iron/PAO system at a temperature of 27 ◦C after 
25 ps under (a) room pressure, (b) 140 kPa and (b) 350 kPa. Iron surface is 
indicated as a dashed line. 
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lubricant. 
The temperature effect on the hydrogen permeation can be analyzed 

by comparing the current density measurements (Fig. 2) and pair dis-
tribution function of the hydrocarbon decomposition demonstrated in 
Fig. 7. Changing the temperature from 27 ◦C to 85 ◦C enhances the 
decomposition process significantly, which can be seen from the pair 
distribution function intensity. The influence of temperature on 
adsorption and decomposition rate of the chemical species on the steel 
surface were also discussed previously [33]. 

The change of temperature from 27 ◦C to 85 ◦C increases the oxygen 
diffusion in PAO, which leads to a higher oxide scale repair with 
enhancing the oxidation kinetics. Although there is a higher rate of oil 
decomposition at 85 ◦C (Fig. 7) with more hydrogen generation and 
amorphous carbon formation, the latent time can be increased by 
different events. Amorphous carbon can be spread out by the slider ring 

and cover the emerging nascent surfaces, which reduces the penetration 
of hydrogen atoms into the membrane. Additionally, generation of more 
hydrogen along with less nascent steel surface (due to carbon contam-
ination) may possibly create a complex layer (due to accumulation of 
initial hydrogen atoms forming a layer) controlling the kinetics of 
hydrogen diffusion into the membrane. Hence, the observed longer 
latent time at the higher temperature can be linked to the formation of 
oxide, amorphous carbon and a possible hydrogen layer formed on the 
nascent steel. 

Both applied loads at 85◦C lead to a hydrogen permeation. Consid-
ering the higher levels of dissolved O2 at 85◦C available for possible 
oxide repair, the rate of oxide damage should be high enough to explain 
the required nascent sites for hydrocarbon decomposition and hydrogen 
adsorption. Such damage must be of a physico-chemical nature because 
it can occur at the same mechanical conditions (140 kPa). Under-
standing the oxide effects as one possible mechanism on the hydrogen 
permeation in lubricated rubbing contacts needs further investigations. 
Induced stresses in the membrane with increasing the applied pressure 
can change the hydrogen permeation as well. Previous studies report a 
change in the hydrogen diffusivity through applying stress in metals [34, 
35]. Focusing on the operational factors, the presented work focuses on 
the thermo-mechanical analysis of lubricated rubbing contacts, while 
understanding the impact of stress and microstructure on the hydrogen 
permeation necessitates further studies. 

6. Conclusions 

The effect of temperature and pressure on the hydrogen generation 
from a lubricated rubbing contact is studied here through using a 
recently develop in-situ measurement approach and the reactive MD 
simulations. The hydrogen uptake rate as a result of PAO oil decompo-
sition into the AISI 52100 bearing steel is measured at temperature of 27 
◦C to 85 ◦C under applied pressure of 140 kPa and 350 kPa. The reactive 
atomic simulations are employed to model experimental measurements. 
The main outcomes of the study are summarized as follow:  

• Following the hydrogen generation pathway, there are two steps 
during the oil decomposition in rubbing contacts, hydrogen gener-
ation in atomic form and diffusion in the nascent steel. Temperature 
and pressure have impact on both steps in different rates.  

• Both experimental measurement and computational modeling 
demonstrate that increasing temperature and pressure enhances the 
hydrogen permeation in lubricated contacts, where a stronger impact 
is identified from temperature. Pair distribution function in MD 
simulations show a higher effect of temperature on the oil decom-
position process compared with pressure.  

• Experimental measurements exhibit no hydrogen permeation at 
temperature of 27 ◦C and pressure of 140 kPa. Hence, a minimum 
load is required to remove the oxide layer from the surface and 

Fig. 6. Number of hydrogen atoms generated at the surface of iron as a function of time at different pressure for a temperature of (a) 27 ◦C and (b) 85 ◦C.  

Fig. 7. Pair distribution functions of C-C, C-H and H-H bonds in hydrocarbon 
molecules (a) before decomposition and decomposition after 20 ps at (b) 27 ◦C 
and 100 kPa, (c) 27 ◦C and 350 kPa (d) 85 ◦C and 100 kPa and (e) 85 ◦C and 
350 kPa. 
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forming a nascent metal for hydrogen permeation in lubricated 
rubbing contacts. 

This study focuses on the incorporation of thermo-mechanical - 
temperature and pressure - on the hydrogen permeation in lubricated 
rubbing contacts. This work is carried out on pure PAO without any 
additives and shear stress. Understanding the influence of thermo- 
mechanical factors on the lubricated rubbing contact with additives 
and shear stresses necessitates further investigations. 
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