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Abstract— Steel rolling elements in bearings are known to undergo premature failure due to brittle flaking or what
is also known as white structure flaking. This failure mode is associated with the formation of white etching cracks
(WEC) and white etching areas (WEA). Literature findings point out to the mechanism resulting in early brittle
flaking as a form of hydrogen-assisted fatigue; hence, the term hydrogen assisted rolling contact fatigue (HARCF)
was coined. Understanding the factors affecting the diffusion and subsurface accumulation of hydrogen in bearing
steel is crucial to developing measures to mitigate or completely eliminate its detrimental effect.

In this work, a finite element simulation model of a cylindrical roller thrust bearing (CRTB) was created. The
simulations enabled studying the diffusion of hydrogen and obtaining qualitative information pertaining to stress-
assisted diffusion in tribological loading under the influence of residual stresses. The simulations revealed rather
insignificant hydrogen accumulation due to stress-assisted diffusion in comparison to concentration gradient
driven diffusion. On the other hand, residual stresses had an evident influence on the subsurface accumulation of
hydrogen. The overlap between regions undergoing high stresses and those showing high concentrations of accu-
mulated hydrogen points out to the triggering mechanism of HARCF.

Keywords — Hydrogen diffusion, residual stresses, roller bearings, hydrogen-assisted rolling contact fatigue,
WEA/WEC.

24,25, 26]. For instance, Hamada and Matsubara [26]

reported premature flaking, the occurrence of distinct
L. Introduction microstructural changes and WEC formation in hydro-
Premature damage in bearings in the form of brittle gen pre-charged samples tested in rolling-sliding con-
flaking is still an open area of research and the causes tact; under identical testing conditions the same effects
for its occurrence are discussed quite diversely. There could not be reproduced at lower hydrogen concentra-
is a plethora of examples in the literature discussing tions. Recently, Liang et al. [27] showed by means of
the mechanisms of brittle flaking and despite some rolling contact fatigue tests on bearing steel that hydro-
contradictions (cf. Harada et al. [1]) there is general gen facilitates the formation of voids and what the au-
consensus that it is a form of hydrogen-assisted fa-  thors described as “typical hydrogen-assisted cracks”;
tigue [2, 3, 4, 5, 6]; hence, the term hydrogen assisted ~ hydrogen pre-charged samples showed higher void
rolling contact fatigue (HARCF) was adopted. It was and crack length density and longer cracks in compar-
shown in several studies that hydrogen forms in rolling ison to uncharged samples. Ruellan et al. [27] at-
contact due to tribochemical reactions between the tempted to give an overview of the root causes of early
lubricant and the steel surface [7, 8, 9, 10, 11, 12] or damage associated with WEC formation. In a more re-
from additives or contaminants [10, 13, 14, 15] present  cent work, this type of damage was correlated with the
in the lubricant. The release of hydrogen and formation ~ lubricant formulation [29] rather than specific addi-
of hydrocarbon byproducts due to lubricant degrada- tives. Besides HARCF, WEC failures were attributed

tion was confirmed through in-situ measurements us- to adiabatic shearing, corrosion fatigue cracking and
ing vacuum tribometers [12, 16, 17, 18] and electro- inclusions (cf. Stadler et al. [29]). WEC-associated
chemical cells [19, 20]. failure is known to occur significantly earlier than pre-

dicted by standard bearing lifetime calculations [29].
Statistical data on parts revealing WEC failure showed
a steeper failure probability slope than that obtained
for bearings undergoing classical rolling contact fa-
tigue (RCF) (typical telltale signs of RCF are discussed
in [30]), thus, indicating significantly smaller scatter in
lifetime data.

HARCF is manifested by inter-crystalline crack
growth in the subsurface region of the bearing [17] and
brittle flaking (also known as white flaking or white
structure flaking), which causes spalling. In many oc-
currences, HARCEF is associated with the presence of
white etching cracks (WEC) and microstructural alter-
ations known as white etching areas (WEA), which
have been explained in light of crack-face rubbing dur- ~ Hydrogen uptake in metals normally takes the form of
ing over-rolling [21, 22]. Although HARCF has not atomic or ionic hydrogen. A review of hydrogen in-
been confirmed as the only root cause of premature gress mechanisms in bearing steel is found in [31].

WEC-associated failure, it was observed that the for- Within this context, we assume that the most predom-
mation of WEC was strongly exacerbated in hydrogen- inant mechanism is due to lubricant degradation and
charged samples once reaching specific concentrations ~ decomposition. Diffusible hydrogen, which may as
as concluded by the work of several researchers [4,23,  well be trapped at microstructural defects such as
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lattice defects and grain and phase boundaries, is
known to induce material degradation in steel in what
is known as hydrogen embrittlement [44]. The most
prominent theories attempting to explain hydrogen-in-
duced degradation are hydrogen enhanced decohesion
(HEDE) and hydrogen-enhanced localized plasticity
(HELP) .

Modeling hydrogen diffusion in tribological contact is
a challenging task, which may shed light on the causes
of premature failure. It was shown in early studies that
hydrogen accumulates at regions undergoing tensile
stresses such as crack tips [28, 29, 30]. Winzer and
Khader [31] modeled hydrogen diffusion and trapping
in a twin-disk tribological contact using a weakly-cou-
pled finite element (FE) model. It was shown that
stress-assisted diffusion plays a minor role in the accu-
mulation of hydrogen. Kadin [32] simulated the effect
of compressive residual stresses on hydrogen diffusion
and described their effect in enhancing surface to sub-
surface transport of hydrogen. In a recent study,
Khader et al. [33] showed the effect of residual stresses
on the diffusion and subsurface accumulation of hy-
drogen. It was concluded that certain residual stress
profiles may lead to intensified subsurface hydrogen
accumulation.

Several researchers have measured residual stress pro-
files in bearing components [34, 35, 36, 37, 38, 39,
40]. Of particular interest were the X-ray diffraction
(XRD) measurements conducted by Voskamp et
al. [34], Voskamp and Mittemeijer [38] and Dom-
marco et al. [35]. Voskamp et al. [34], Voskamp and
Mittemeijer [38] reported results on 6309-type deep
groove ball bearing inner rings. The tested material
was SAE 52100 bearing steel predominantly tempered
martensitic with 10-15 vol.% retained austenite and
about 3-5 vol.% globular cementite with hardness of
850 HV30. Dommarco et al. [35] conducted the meas-
urements on 9.53 mm diameter rods. The tested mate-
rial was SAE 52100 bearing steel, martensitic hard-
ened and tempered at various temperatures with hard-
ness values ranging between 58.5 HRC and 62.5 HRC.
The published data represented residual stress profiles
as function of depth. Prior to testing, the profile in un-
used through-hardened bearing steel was generally
comprised of a compressive stress field on the surface
and a tensile stress field in the subsurface (blue curve
in Figure I). The residual stresses in [40, 44] were ad-
ditionally measured following rolling contact fatigue
tests carried out at maximum Hertzian contact stresses
of 3.3-3.8 GPa. Over-rolling resulted in changing the
initial residual stress profile to a one comprised of two
compressive stress fields surrounding a tensile stress
field in the near-surface region (maroon curve in Fig-
ure 1).

The aim of this work is to provide an analysis of dif-
fusible hydrogen accumulation in a cylindrical roller
thrust bearing (CRTB) in the absence of trapping. This
analysis sheds light on a mechanism directly related to
hydrogen assisted rolling contact fatigue (HARCF).
Hydrogen transport was modeled through two distinct
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Figure 1: Residual stress profile on the surface and in the
subsurface of through hardened bearing steel [34, 38, 35].

mechanisms: (i) concentration gradient driven diffu-
sion and (ii) stress-assisted diffusion. The focus here
will be on the influence of various residual stress pro-
files on the accumulation of subsurface hydrogen.

2. Finite element modeling

A finite element (FE) simulation model was created in
Abaqus® to study the diffusion of hydrogen under the
influence of various residual stress fields. The devel-
oped simulation model is a weakly-coupled, i.c., se-
quential mechanical-diffusion, two-dimensional ex-
tension of the fully-coupled three-dimensional model
developed in a previous work [33]. In this work, a
structural mechanics simulation was carried out to ob-
tain residual stress profiles, the results of which were
then imported into a diffusion simulation. This proce-
dure enables obtaining concentration profiles as func-
tion of internal stresses. Notwithstanding the geomet-
rical limitations imposed by modeling the system in
two dimensions, this simplification allows for a better
understanding of the influence of contact loading on
residual stresses and how the latter affects hydrogen
diffusion in bearings. Thanks to the manageable model
size, two dimensional modeling allows conducting
parametric studies. The verification of the Abaqus
mass transfer internal code may be consulted in [45].

2.1. Mesh and boundary conditions

A two dimensional section of a cylindrical roller thrust
bearing (CRTB) with the dimensions of the commer-
cial bearing FAG 81104-TV was modelled in
Abaqus® as shown in Figure 2. The average element
dimensions in the contact zone were 30 pumx10 pm.
The geometry comprised of a section of a roller (diam-
eter @ = 4.5 mm and length L = 4.5 mm) and the upper
and lower raceways. To discretize the geometry, sec-
ond-order eight-node plane-stress quadrilateral ele-
ments (CPS8) were used. A fine mesh was created in
the vicinity of the contact zone while discretizing the
rest of the geometry with a coarser mesh thus, keeping
the size of the model rather manageable.
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Figure 2: Two-dimensional section of the bearing
FAG 81104-TV showing the FE-mesh.

A normal load of 180 N/mm was applied to the upper
ring; thus, assuming a line contact, results in a maxi-
mum Hertzian contact pressure of 1.7 GPa. Both the
upper and lower rings were fixed and the roller was
rotated about its axis at an angular velocity of
62.8 rad/s. Coulomb friction was adopted to model
friction between the roller and the raceways; the coef-
ficient of friction was assumed constant with a value
of u=0.05. This value was obtained from a series of
measurements carried out on a thrust-bearing tribo-
meter using the same type of bearings and lubricated
with a commercial fully-additivated transmission oil
with kinematic viscosities of KV49 oc = 64.0 mm?/s and
KVi00°c = 9.5 mm?/s [33]. It should be pointed out that
the friction coefficient measured in full bearing tests
has many sources other than solid-to-solid contact
(e.g., lubricant viscosity) and hence, does not follow
the definition of the friction coefficient according to
Coulomb.

For the simulation of diffusion second-order eight-
node mass diffusion elements (DC2DS8) were used.
The stresses were imported from the structural me-
chanics simulation as initial conditions. Since no
knowledge pertaining to either hydrogen flux or hy-
drogen surface concentration is available, diffusion
was assumed to occur uniformly across the roller sur-
face by defining a flux of J= 107 ppm-mm?¥s. The
value was chosen based on a sensitivity analysis car-
ried out to ensure no hydrogen is accumulated in the
center of the roller, since hydrogen diffusion from steel
into the atmosphere remains unknown. The diffusion
period was set to 18x10% s. By setting this constraint,
diffusion was achieved without having to fix the con-
centration of surface nodes.

2.2. Residual stresses

The residual stress profiles in the roller were imple-
mented in a preliminary simulation step by applying
predefined temperature fields at specific nodes. These
boundary conditions were released towards the end of
the step to obtain a uniform temperature distribution of
25° C throughout the material and a residual-stress
profile in an equilibrium state.
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Three residual stress distribution profiles were tested
in the simulations as shown in Figure 3 and detailed as
follows:

L Residual stress free material, exemplified by
the black long-dashed curve in Figure 3

II.  Through-hardened bearing material in its vir-
gin state. Surface machining and heat treat-
ment, resulting in temperature gradients, in-
duce compressive residual stresses on the sur-
face and tensile residual stresses in the sub-
surface; this profile is denoted by compres-
sion-tension (CT) and represented by the blue

solid curve in Figure 3

Bearing steel beyond the shakedown phase
with accumulated subsurface plastic strain
due to over-rolling. The material lies under
two compressive stress fields (on the surface
and further down in the subsurface region)
surrounding a weaker tensile stress field in
the near-surface region. This profile is de-
noted by compression-tension-compression
(CTC) and represented by the green dotted
curve in Figure 3
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Figure 3: Residual stress distribution profiles implemented
in the FE model.

2.3. Diffusion equations

The governing equations for mass diffusion are an ex-
tension of Fick's second law. The model accounts for
two diffusion mechanisms, namely, (i) diffusion due to
the presence of concentration gradients of the diffusing
species in the base material and (ii) diffusion driven by
stress gradients. The diffusion equation obeys the prin-
ciples of mass conservation given in the form

d _
—fcmv+f1pms=o
at Jy ov

where ¢ is the diffusion time, V' is any volume whose
surface is S, n is the outward normal to S, C is the total
molar concentration of hydrogen and J is the flux.

Assuming a constant temperature, the constitutive ex-
pression of the flux is given by [28]

_ D VyC
~ RT

(Eq. 1

Vo, — D,VC (Eq.2)
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where D is the lattice diffusivity of hydrogen, Vy is
the partial molar volume of hydrogen dissolved in the
host material, g, is the hydrostatic stress given by
(0, = —trace(e)/3), R is the ideal gas constant, T is
the absolute temperature in kelvin and Vo, and VC are
the spatial gradients of the hydrostatic pressure and
molar concentration, respectively. Within this context,
the form presented in Eq. 2 assumes a negligible con-
centration of trapped hydrogen in the base material;
this assumption was verified for hardened steel 100Cr6
in Kiirten et al. [41] by calculating the ratio of trapped
to released hydrogen.

2.4. Material constants and simulation parameters

Elastic-plastic material behavior with kinematic strain-
hardening was used to model bearing steel (100Cr6).
An elastic modulus of £ =200.2 GPa [33] and a Pois-
son’s ratio of v = 0.3 [42] were used to define the elas-
tic response. Plasticity was incorporated by assuming
an initial yield strength of oy = 750 MPa [43] and a lin-
ear kinematic strain hardening modulus of
H =185.5 GPa [33], which should give good approxi-
mation with measured values up to a plastic strain of
ePl = 0.005.

The parameters used in implementing the hydrogen
diffusion model are listed in Table 1.

Table 1. Material data required for the diffusion model

Property Unit Value Source
Lattice diffusivity ) 3 [44, 45,
(D1) mm?/s 1.1x10 46]
Initial hydrogen
concentration (Co) ppm 1.3 )
Hydrogen flux (/)  ppm-mm?/s 107 -
Ideal gas constant ml/mol K 8.314x103 )
®
Temperature (7) K 293.15 -
Partial molar vol-
ume (pmv) of dlS'- . . [47, 48,
solved hydrogen in mm-/mol 2.0x10 49]
pure iron [un-
strained lattice] (V)

2.0x103,
Lower and _upper i’ /mol )
values for Vy 4.0x103

An arbitrary initial hydrogen concentration in steel
was set to 1.5 ppm. This value is considered somewhat
high as hydrogen concentration in commercial bearing
steel may be as low as 0.4 ppm [56] and typically
about 1.0 ppm [8, 22]. As shown in Table 1, the partial
molar volume (pmv) of dissolved hydrogen in steel
(Vy) is given for the unstrained lattice of the host
metal. Unlike the diffusion coefficient which is inde-
pendent of the stress state, the pmv is sensitive to local
stress fields [50] and thus, lattice expansion due to
elastic stress fields may result in accommodating more
hydrogen into the metal [46]. The pmv of hydrogen in
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iron is about V; = 2.0x10° mm?/mol for the unstrained
lattice; however, depending on the vacancy concentra-
tion in the host material, values as high as
7y = 16.3x10> mm>?/mol [46] were reported in the lit-
erature for the elastically distorted lattice. Moreover,
depending on the type of alloy under consideration the
pmv may attain different values, for instance Guedes
et al. [51] reported values much higher than that in
pure iron for martensitic steel alloys. Hence, in this
work, and for comparison purposes, a lower value of
Vy; =2.0x10° mm*/mol and an upper value of
Vy = 4.0x10> mm3/mol will be adopted in the simula-
tions.

3. Results

3.1. Mechanical solution

To simulate the evolution of residual stresses with
over-rolling, a simulation was created with a residual
stress profile CT, as reported in the literature, and ex-
emplified by the blue solid curve in Figure 3. This
stress profile resembles that of an unused through-
hardened bearing. By applying a load of 180 N/mm,
the initial contact stress was 1.63 GPa and the maxi-
mum von Mises stress appeared approx. 40 pm below
the surface with a peak value of 925 MPa; Figure 4.

van Mises

Eg. pl. strain
(MPa) i

+0e+00

Figure 4: von Mises stress and equivalent plastic strain dis-
tributions in the depth of the roller for residual stress free
material (no RS) and residual stress profile CT.

To compare this case with a residual stress free mate-
rial (no RS), the latter was simulated and the results
were as follows: The maximum contact stress was
1.73 GPa, which is within 5% of the value obtained
from a Hertzian contact solution, and the von Mises
stress showed identical values and location to the case
with a CT stress profile. Since the developed stresses
in the subsurface exceed the initial yield strength of the
material (op= 750 MPa), it is expected that subsurface
plastic strain will build up and accumulate.

The initial contact cycle gave rise to fully-contained
(i.e., plastically deformed material surrounded by ma-
terial undergoing only elastic strains) equivalent plas-
tic strain with a maximum value of €P* = 9x10 (refer
to Figure 4).

During the running-in phase, the bearing material will
undergo shakedown, during which subsurface plastic
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strain will be accumulated and may even reach the sur-
face in the form of microplasticity. It is hence, ex-
pected that residual stresses change from compression
on the surface and tension in the subsurface (i.e., com-
pression-tension: CT, exemplified by the blue solid
curve in Figure 3) to compression on the surface, ten-
sion in the immediate subsurface and compression fur-
ther below in the subsurface (i.e., compression-ten-
sion-compression: CTC) as reported in the litera-
ture [34, 38, 35] and exemplified by the green dotted
curve in Figure 3. To examine this proposition, a struc-
tural-mechanics simulation with an initial compres-
sion-tension (CT) residual stress profile was run for
durations of 50 and 100 stress cycles, respectively. The
resulting residual stress were plotted against the radial
distance in the roller and compared to the initial stress
profile as shown in Figure 5.

0.2+

— — residual stress free

initial condition, O cycles (CT)
after 50 cycles (CTC)
- === after 100 cycles (CTC)

002 004 006 008
Radial distance (mm)

0.10

Normalized residual stress (6/6;e/q)

Figure 5: Residual stress profiles obtained from the simula-
tions.

The simulation shows that after 50 stress cycles the re-
sidual stress profile changes from CT (blue solid curve
in Figure 5) to CTC (maroon solid curve in Figure 5)
and showing reduced compression on the surface. Af-
ter 100 stress cycles, the compression on the surface
slightly decreases and the tensile stress increases re-
sulting in a CTC profile with a steeper gradient (ma-
roon dashed curve in Figure 5).

The residual stress profiles obtained from the struc-
tural mechanics simulation were then imported as pre-
defined fields into the hydrogen diffusion model. The
simulations of hydrogen diffusion into the roller were
thus carried out for the four cases of residual stress pro-
files depicted in Figure 5, i.e., (i) residual stress free,
(il) CT as in an unused bearing, (iii) CTC after 50
stress cycles and (iv) CTC after stress 100 cycles.

3.2. Hydrogen diffusion

The results of the diffusion simulations were obtained
as nodal concentration values. These were then nor-
malized to the initial hydrogen concentration in the
roller (Cp) and plotted against the radial depth in the
roller.
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3.2.1. The effect of residual stress distribution

In Figure 6 the hydrogen concentration profiles in the
depth of the roller were obtained for the four prede-
fined residual stress profiles shown in Figure 5.

In a residual stress free material (black long-dashed
curves in Figure 5 and Figure 6), the hydrogen con-
centration shows a decrease by increasing radial depth.
For the case CT (blue solid curves in Figure 5 and Fig-
ure 6), which resembles an unused through-hardened
bearing, the hydrogen is repelled from the surface into
the subsurface and thus, shows slightly higher concen-
tration below the surface.

After 50 stress cycles (maroon solid curves in Figure
5 and Figure 6), the simulation indicates an increased
subsurface accumulation of hydrogen, which is exac-
erbated after 100 cycles (maroon dashed curves in Fig-
ure 5 and Figure 6) reaching a value of almost 2.5
times its original concentration in the material at a
depth of approx. 12 pm below the surface.

— — no residual stress

3 ununsed bearing, CT

Q —— 50 cycles, V,;=2.0E3 mm¥mol
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Figure 6: Hydrogen concentration profiles in the depth of
the roller.

3.2.2. The effect of the pmv of hydrogen in steel

To study the effect of the pmv of hydrogen in steel, its
value was increased to V; = 4.0x103 mm?/mol, which
may occur due to elastic stress fields. The hydrogen
concentration profile for this case (maroon dot-dash
curve in Figure 6) showed the value of subsurface ac-
cumulated hydrogen to have increased to 2.75 times its
original concentration after 100 stress cycles.
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3.2.3. The effect of the stress gradient

By going back to Eq. 2, it is shown that in fact it is the
stress gradient rather than the stress magnitude that
provides the driving force for stress-assisted diffusion.
To investigate the influence of the stress gradient on
the accumulation of hydrogen, the diffusion simulation
was carried out with an initial residual stress profile of
compression-tension-compression (CTC) as the one
depicted in Figure 3. As opposed to the CTC-type
stress gradients obtained after 50 and 100 stress cycles,
this stress profile is characterized by a steep gradient
between its compressive and tensile components; such
residual stress profile is expected to develop in the
bearing well beyond the shakedown phase as reported
in the literature.

— =no residual stress
ununsed bearing, CT

3.5

2.0-

— =50 cycles, V,;=4.0E3 mm*/mol
- =100 cycles, V,;=4.0E3 mm*mol
+ e+ heyond shakedown, steep CTC, V,=4.0E3 mm?®/mol

peak von Mises: | peak von Mises:
1

The results of this simulation is plotted in Figure 7 and
compared to the results of the simulation results. For
this steep stress profile, the subsurface hydrogen accu-
mulation exceeds 3.25 times its original concentration
in the material.

For the sake of comparison, the normalized von Mises
stress profiles in the unused state (0 cycles, CT) and
after 100 stress cycles are plotted against the radial dis-
tance in the depth of the roller in Figure 7. The von
Mises stress profile shows two distinct features regard-
ing its peak between zero and 100 stress cycles: (i) it
shifts its position towards the surface of the material
and (ii) it increases its value by approx. 20%.

=—0O=—=von Mises (0 cycles, CT)

—A=—von Mises (100 cycles)

00 cycles

0.02

Normalized concentration (C/C,)

0.00

EO cyclles
0.04
Radial distance (mm)

. . 0.0
0.06 0.08 0.10

Normalized von Mises stress (va/cyiem)

Figure 7: Normalized hydrogen concentration and von Mises stress profiles in the depth of the roller.



4. Discussion

The slight difference in contact stress (below 5%)
between the simulation model and the Hertzian con-
tact solution is attributed to: (i) the incorporation of
friction and (ii) plasticity in the FE-model, whereas
the Hertzian contact model by definition assumes a
frictionless elastic contact.

During over-rolling and the associated shakedown of
the bearing steel, plastic deformation accumulates
below the surface causing the residual stress distri-
bution profile to change from compressive stress on
the surface and tensile stress in the subsurface (com-
pression-tension, CT) into two compression stress
fields on the surface and in the subsurface surround-
ing a tensile stress field in the near-surface region
(compression-tension-compression, CTC). The re-
sults obtained thus far (Figure 5) confirm the litera-
ture findings [34, 38, 35] that describe such an alter-
ation in residual stresses.

The presence of compressive residual stresses on the
surface contributes to the accumulation of subsur-
face hydrogen. This is in line with the findings of
Kadin [32], in which the researcher demonstrated
that compressive surface residual stresses enhance
surface to subsurface transport of hydrogen. The re-
sults of the current study indicate that the presence
of residual stresses in the unused bearing may not
only drive hydrogen transport but also intensify its
subsurface accumulation due to the evolving stress
state as a consequence of over-rolling.

The presence of surface compressive residual
stresses caused a decrease in hydrogen concertation
on the surface compared to the residual-stress-free
state (compare “unused bearing, CT” with “no resid-
ual stress” in Figure 6). After 50 stress cycles, a zone
of tensile stress surrounded by an upper and lower
zones of compressive stresses is developed due to
over-rolling and accumulation of subsurface plastic
strain (refer to Figure 5). The presence of a tensile
stress region surrounded by two compressive stress
regions created a preferential path for the subsurface
transport of hydrogen causing its repellence from the
compressive zones and accumulation in the tensile
zone; (compare “50 cycles” with “unused bearing,
CT” in Figure 6).

Given the uncertainty regarding the partial molar
volume of dissolved hydrogen in steel (pmv), lower
and upper values for ¥y of 2.0x10> mm?mol and
4.0x103 mm3/mol were evaluated. By considering
the flux equation (Eq. 2) it is apparent that increasing
the pmv results in more prominent stress-assisted
diffusion leading to more sensitivity to stress gradi-
ents. This effect is shown when comparing the re-
sults of the 100-cycle simulations carried out with
different V;; values (Figure 6).

Despite the limitation of the current model, espe-
cially its crude treatment of boundary conditions per-
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taining to hydrogen ingress, it clarifies the mecha-
nism of hydrogen accumulation in regions known to
undergo fatigue damage due to subsurface stresses.
It should be noted that the influence of traps (e.g.,
dislocations and vacancies) on hydrogen trapping
was deliberately not taken into consideration in this
model. By disregarding the effect of trapped hydro-
gen, it was shown here that the accumulation of sub-
surface hydrogen is essentially independent of trap-
ping. Nevertheless, it should be noted that defor-
mation-induced traps may have an influence on the
total hydrogen concentration in the material as
demonstrated in previous studies [31, 33] as elevated
concentrations of trapped hydrogen are expected to
appear within the plastic zone.

In light of these results it may be concluded that a
threshold hydrogen concentration for a ductile-to-
brittle-transition may be required to trigger crack
formation and premature bearing failure. Such a
value was reported in the literature to be as low as
1.5 ppm [52] in a-Fe. To put these results in a bigger
picture, a critical combination of mechanical stress
(in the vicinity of the peak von Mises stresses) and a
certain degree of material degradation/embrittlement
is required to prompt premature damage. The sub-
surface distribution of von Mises stresses is thus,
shown in Figure 7.

In its initial state (0 cycles) the stress profile matches
the typical distribution arising in rolling contact with
low friction forces. With the progressive accumula-
tion of plastic strain and its consequent strain hard-
ening, the peak von Mises stress shifts its position
towards the surface (compare 0 cycles with 100 cy-
cles in Figure 7) an thus, approaches the zone of
highest hydrogen accumulation in the material; this
overlap may contribute to the acceleration of fatigue
processes. It was reported by Spriestersbach and
Kerscher [53] that microstructural changes in bear-
ing steel, described by the authors as fine granular
area (FGA), may be directly correlated with the local
plasticity zone predicted by the von Mises criterion,
hence, pointing out to the mechanism of formation
of FGA. This corroborates the findings of a more re-
cent study [8], which confirmed that telltale features
of HARCEF such as WEC, from which brittle flaking
initiates, appear predominantly in the vicinity of the
peak von Mises stresses. It should be however noted
that tracing the locations of early signs of damage,
such as initiation sites of WEC, is difficult to accom-
plish experimentally due to the inability to accu-
rately estimate of the minimum number of stress cy-
cles until the first signs of damage appear; the loca-
tion is also very challenging to predict by numerical
simulations due to the sudden changes occurring to
the stress state once discontinuities, caused by crack
formation, are present in the material.

It was shown in this work that residual stresses in-
duced by machining and hardening processes have a
substantial effect on the subsurface accumulation of
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hydrogen in bearing steel. Tensile residual stresses
such as those present at crack tips or at the tips of
inclusions (cf. Al-Tameemi and Long [53]) may also
contribute to elevated concentrations of accumulated
diffusible hydrogen. In a study conducted by
Errichello et al. [55], it was reported that through-
hardened bearings fail by cracks that propagate radi-
ally and display WEA as sign of microstructural al-
terations, whereas, carburized steel bearings, that
have higher amount of retained austenite and whose
residual stress profile is entirely compressive, show
higher fracture resistance and tend to fail by macro-
pitting. Nevertheless, reported cases of case-carbu-
rized bearings failing due to WEC are present in the
literature [64, 65].

The results presented in this study validate those ob-
tained in a previous study [33], in which residual
stress profiles were solely based on literature data.
The applicability of the developed model to lifetime
assessment of real bearings would be greatly im-
proved by considering more realistic boundary con-
ditions pertaining to hydrogen ingress in addition to
credible measurements of residual stresses.

5. Conclusions

In this work a weakly-coupled mechanical-diffusion
simulation was conducted to study the influence of
mechanical stresses on the diffusion and accumula-
tion of hydrogen in a bearing contact. The following
is concluded:

e The simulations highlighted that over-rolling
and accumulation of subsurface plastic strain,
during bearing operation, lead to an alteration of
residual stresses. A residual stress profile of
compression on the surface and tension in the
subsurface will change to compression-tension-
compression due to rolling contact.

e Subsurface plastic deformation caused by roll-
ing contact causes the peak von Mises stress to
change its value and shift its position towards
the surface of the bearing component.

e The presence of residual stresses with a positive
gradient (compression to tension) promotes the
subsurface transport of hydrogen and its accu-
mulation in the tensile stress region.

e The overlap of high subsurface hydrogen con-
centration (promoted by residual stresses) and
high mechanical stresses (in the vicinity of the
peak of von Mises stress) sheds light on the
mechanism of hydrogen assisted rolling contact
fatigue (HARCF) in bearing steel.
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