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Abstract: In this study, premature damage in cylindrical roller bearings made of 100Cr6 (SAE 52100)
was investigated. For this purpose, full bearing tests were carried out using two different lubricant
formulations with similar viscosities. Published research has pointed out the occurrence of tribo-
chemical reactions that cause lubricant degradation and the release of hydrogen in tribo-contact.
Hydrogen content measurements were conducted on tested samples, and these measurements
showed dependence on the lubricant formulations. Hydrogen diffusion and trapping were identified
as significant factors influencing premature damage. The measurement of trapping energies was
conducted by thermal desorption spectroscopy, whereas residual stresses, which influence hydrogen
diffusion and accumulation, were measured using X-ray diffraction. The measured trapping energies
indicated that rolling contact caused the creation and release of hydrogen traps. Over-rolling resulted
in changes in residual stress profiles in the materials, demonstrated by changes in stress gradients.
These can be directly linked to subsurface hydrogen accumulation. Hence, it was possible to deter-
mine that the location of the microstructural damage (WEC) was correlated with the residual stress
profiles and the subsurface von Mises stress peaks.

Keywords: rolling bearings; hydrogen; residual stresses; trapping energies

1. Introduction

Rolling bearings are used in a wide range of applications ranging from their use in
miniature bearings to wind turbines. Premature failures manifested by white etching cracks
(WEC) have been identified in bearings of various sizes, applications, and service lives [1-3].
Premature failure is usually unpredictable, as it does not follow classical rolling-contact
fatigue (RCF) calculation methods, leading to costly and time-consuming downtimes
for maintenance.

WEC are characterized by wide networks of cracks associated with white crack flanks,
known as white etching areas (WEA), in the subsurface region of the raceways [4—0].
Previous studies have argued that WEA are a form of nanocrystalline BCC iron microstruc-
ture [7-9]. Under cyclic load, WEC usually propagate and progress to brittle flaking of the
surface of the components and a loss of functionality.

Various factors have been argued to be the root causes of this type of damage [10],
one of which is the choice of bearing material. The conventional and affordable rolling
bearing steel 100Cr6/SAE 52100 has shown poor resistance to WEC [11,12]. Literature
findings indicate that hydrogen diffusion into bearing steel affects early failures [13], which
is the focus of the present work. Hydrogen-assisted rolling-contact fatigue (HARCF) is
associated with the occurrence of white etching cracks in bearing components. Besides
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hydrogen, the combination of stresses and microstructural aspects [14,15] are found in
the literature to be correlated with the formation of WEC. Moreover, the research has
also suggested that a negative slide—roll ratio significantly influences the formation of
WEC [16]. It was demonstrated that a combination of mechanical stresses and accumulated
hydrogen in the microstructure is decisive in triggering HARCF [17,18]. Possible sources
of hydrogen in a bearing system may be water contamination of the lubricant [6,12],
as well as tribochemical reactions resulting in lubricant degradation and the eventual
release and increased accumulation of hydrogen [19], especially in the presence of certain
lubricant additives such as zinc dithiophosphate (ZDDP) and overbased calcium sulfonate
(OBCaSul) [20,21]. The passage of current through the bearing was also shown to trigger
the formation of WEC [22]. It should be noted that the damage cannot only be attributed to
hydrogen but also to the combination of load, overrolling, and plastic deformation [14]. The
formation of pores and newly formed grain boundaries in tested samples were associated
with the usage of specific lubricants [3,23].

The influencing factors affecting hydrogen accumulation in bearing steel are hence
important to investigate. These mainly include concentration gradients, stress gradients,
and residual stresses in the material [24-26]. Hydrogen trapping in steel may also con-
siderably affect the accumulation of hydrogen. In this study, RCF tests were carried out
using two lubricant mixtures. Consequently, residual stresses were measured using X-ray
diffraction analysis (XRD), and the hydrogen content and trapping energies were measured
using thermal desorption analysis (TDA) of the tested samples. The trapping energy was
measured to investigate the correlation between microstructural alterations and the ab-
sorbed hydrogen. Trapping energies can give insight into the type of hydrogen traps being
filled in the process of overrolling using two different lubricant formulations. A distinction
can also be made as to whether reversible (<35 kJ/mol) or irreversible traps (>35 kJ /mol)
are being occupied in the process. Free diffusing hydrogen only has around 10 kJ/mol.
Grain boundaries, martensite lath boundaries, and dislocations are considered reversible
traps, with trapping energies of up to 35 kJ/mol. Irreversible traps, such as vacancies,
titanium carbides, and MnS interfaces, act as traps, with higher trapping energies of more
than 50 kJ /mol [27-29]. Furthermore, the findings of this study will help in identifying the
influence of residual stresses and hydrogen trapping affecting HARCEF.

2. Materials and Methods
2.1. Full Bearing Tests

In this study, axial cylindrical roller thrust bearings (CRTBs) were tested under flooded
oil lubrication [26]. For the bearing experiments, the test setup in Figure 1 was mounted on
a biaxial universal test rig. The measurement of normal force and torque is performed with
a Instron Dynacell load cell (25 kN /100 Nm) and an Instron FastTrack 8800 controller,
monitored by LabView 6, with a storage frequency of 1 Hz. The tests were carried out at
700 rpm and 90 °C. In this study, two different lubrication mixtures were tested: a low
reference o0il (low-ref), which is known to be associated with WEC damage, and a high
reference (high-ref) oil; both oils possess similar viscosity. The lubricants are comparable
to those in the Research Association for Drive Technology (FVA) reference oil catalogue
in terms of the FVA reference oil classifications. The low ref oil contains the additives
ZDDP and OBCaSul, and the high ref contains an FVA test additive, which prevents
premature failure.

The test rig is designed for testing type 81104-TV CRTBs made of 100Cr6/SAE 52100
steel, undergoing a hardened martensitic heat treatment. The surface hardness was found
to be 754 &= 9 (HV10) on the roller and 760 & 9 (HV10) on the raceway. The roughness R,
was measured using a stylus profilometer and was determined to be 0.04 £ 0.01 pm on the
roller and 0.09 & 0.01 on the washer. The bearings have an inner diameter of 20 mm and an
outer diameter of 35 mm. Each bearing contains 13 rollers, 4.5 mm in length and diameter.
Due to the geometry of the bearing, a negative slip of ~0.16 occurs at the outer edge of the
roller and positive slip of ~0.16 at the inner edge. Three rollers were removed from the
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bearing cage before testing, leaving ten rollers in each tested bearing. Consequently, the
normal force is distributed over ten rollers only; the maximum Hertzian contact pressure is
1.7 GPa; and the C/P ratio, which is the ratio of dynamic load rating to dynamic equivalent
load, used to estimate the service life, is approximately 1.8. The viscosity ratio « is 0.4.
These conditions lead to a predicted nominal lifetime of approximately 500 h [30]; hence,
premature damage (associated with WEC formation) is expected to occur under reasonable
test durations.

Figure 1. Temperature-controlled test setup for full bearing tests in oil bath: (a) rolling bearing,
(b) cup, filled with 20 mL of the oil, and the thermocouple inserted for temperature measurement,
(c) double-walled container for controlling the temperature of the oil at 90 °C, (d) load cell to measure
the normal force as well as the friction torque, (e) shaft to apply the rotation and normal load.

Test runs with increasing run times were carried out to study the difference in hydro-
gen accumulation and trapping using the two lubricant formulations. The tests were carried
out for 25 h (6.2 x 10° cycles on the rollers) and 50 h (12.4 x 10° cycles). Tests that did not
show signs of bearing damage or failure were extended up to 300 h (74.4 x 10° cycles).

2.2. Metallographic Investigations

The microstructural analysis was carried out on the cylinder rollers of the tested
bearings. For this purpose, three rollers per test duration were studied via sectioning
analysis, in which a cross-sectional analysis in increments of 0.3 to 0.5 mm, starting from
the outer edge with negative slip, were performed. The process is demonstrated in Figure 2.
The mirror-smooth surface was then etched with a solution of picric acid to reveal the grain
boundaries. Thus, not only the depth under the surface can be seen, but also the degree of
damage in different locations in the axial direction can be achieved. For this investigation,
three rollers per test duration were investigated, and both negative and positive slip zones
were identified and examined.
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Figure 2. Illustration of the metallographic investigations on the cylindrical rolling elements, starting
from the outer edge of the component.

2.3. X-ray Diffraction Analysis (XRD)

The residual stress profile is relevant for the accumulation of hydrogen because the
diffusion of hydrogen is driven by both concentration gradients and stress gradients (i.e.,
stress-assisted diffusion) [25,26].

The measurements were conducted using Xstress 3000, Type G2, from Stresstech
(Jyvaskyld, Finland), using two linear detectors. The physical principle, on which the
X-ray residual stress measurement is based, is the diffraction of monochromatic X-rays on
crystal lattices. If X-rays of a certain wavelength A hit a crystal lattice with a specific lattice
plane spacing D at a certain angle 0, constructive interference results, according to Bragg’s
equation [31].

n-A =2D-sinf 1)

In the case of ferrite, this diffraction peak occurs at an angle of 156.4° for the (211) lattice
planes in a stress-free state with Cr-K«;-radiation (A = 2.2897 A). A total of 14 measurements,
at 13 different tilt-angles between +45° and —45° in the rolling direction (0°) and against
the rolling direction (90°), were measured. Since the measured materials are usually not
available as single crystals, this relatively simple measuring principle becomes considerably
more complex when considering different crystal orientations measured simultaneously.
The measured X-ray peaks were then evaluated using the sin” ¥ method [32]. A Young’s
modulus of 211,000 MPa was taken as the reference.

The measurement was performed on the raceway. The residual stresses were deter-
mined to a depth of 200 um under the contact surface and in finer increments directly
under the surface. The material removal was achieved via electrochemical etching using
a slightly modified KRISTALL 650 from QATM (Mammelzen, Germany), which ensures
minimal influence on residual stresses.

2.4. Thermal Desorption Analysis (TDA)

For measuring the accumulated hydrogen content in the bearing elements, thermal
desorption analysis was conducted using a Bruker G40 and a connected mass-spectrometer
by InProcess Instruments (Bremen, Germany). After the test, the bearing rollers were
instantly immersed in liquid nitrogen to decelerate hydrogen effusion. To make sure that
there was no residual layer oil or its additives on the surface, the surface of the sample was
slightly ground using 320 grit sanding paper directly after clearing it in ethanol and cleaned
with acetone afterwards. Then, the prepared sample was placed in the quartz tube, and the
measurement began. The sample was heated as fast as possible to a temperature of 800 °C,
and the effused hydrogen was measured with the mass spectrometer. The amount of
hydrogen was measured against a reference sample, and the calculated value was divided
by the sample weight to give the hydrogen content in the sample.

TDA was chosen as the analysis method because it also provides the opportunity to
obtain trapping energies [28,33]. To determine trapping energies, multiple measurements
with various heating rates must be acquired. Different heating rates result in a peak shift
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of the hydrogen signal, which can be used to determine a binding energy by calculating
the slope of the regression line of these data points, implemented in an Arrhenius plot.
Equation (1) was used to determine the trapping energy, as follows:

dln((p/irg) Ea

d(1/T,) R @)
where ¢ represents the heating rate in K/s, Tj is the temperature at which the peak forms,
R is the ideal gas constant, and E 4 is the activation or binding energy of the corresponding
trapping site. Thus, multiplying the slope of the regression line with the ideal gas constant
yields the binding energy of the particular site. In this study, the heating rates of 20, 40,
and 80 K/min were used. Exemplary TDA measurement of one roller at a heating rate
of 20 K/min is showed in Figure 3. When plotting the intensity over the temperature, it
becomes clear that there is more than one peak to analyze. Through deconvolution of the
curve, three different peaks are identified [28,34]. The smoothed curve is approximated
with non-linear curve fitting according to Gaussian peaks, used because they achieved the
best fit to the curve. As seen in Figure 3, Peak 1 appears at about 400 °C, Peak 2 forms at
about 550 °C, and Peak 3 is the peak at the highest temperature of about 650 °C. Obviously,
the peak depends on the applied heating rate. The intensity can be calculated to a desorp-
tion rate through multiplication with the calibration factor, which was consistent at the
different measurements.

i = peak 1
—z
A peak3
8.0x107 4 Peak 2
A —— Peak 3 -12.04
6.0x1013 1 / \ﬁ Cumulative Peak Fit

— 4.0x10™° 4 -12.5

]

> \ —
@ 20x10" N B
[ =1 \
2 4%\\ = 4
€ € -13.0
= 0.0 - —

-2.0x10"% 4 A
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Temperature [°C] 1T,

Figure 3. Deconvolution of the hydrogen intensity curve measured on the mass spectrometer (left)
and the slope corresponding to the trapping energy of the different peaks (right).

3. Results
3.1. Experimental Results

The friction torque is shown in Figure 4. The friction torque was very consistent for
the ten tests using each lubricant; however, there is a difference noted for the running-in
behavior of the oils. The high-ref oil shows little to no running-in behavior, while a strong
running-in behavior was observed with the low-ref oil. This shows, by way of example,
that the mean value of the coefficient of friction converges to a very similar level. The
difference between the lubricants lies in the fact that there is a strong running-in behavior
with the low ref oil, which does not exist with the high ref oil.

Table 1 lists the test durations using both low ref and high ref oil. It should be noted
that the maximum achievable duration with the low ref oil was about 70 h. The longer tests
with high ref oil were initially stopped after 150 h; the tested samples did not reveal any
signs of visible microstructural alternations and hence, the test duration was adjusted to
300 h.
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Figure 4. Exemplary COF vs time curve for the two different tests, showing the difference in running-
in behavior between the lubricants.

Table 1. Tests completed, with the respective test duration and mean friction torque.

Number of Tests Duration Low Friction Torque = Duration High  Friction Torque

Ref Oil (h) (Nm) Ref Oil (h) (Nm)
3 10h 0.73 £ 0.06 25h 0.57 £0.02
3 25h 0.63 £0.03 50h 0.59 £ 0.03
3 50h 0.56 £ 0.05 150 h 0.60 = 0.03
3 ~70h 0.58 £ 0.10 300 h 0.54 £ 0.03

3.2. Microsection of Rollers

In Figure 5, microsections of selected bearing rollers are shown after different testing
durations. The distance to the outer edge of the roller is shown (in mm) in the images
below. Independent of the runtime, at a distance of 0.5 mm from the outer edge, no damage
can be identified. With the low-ref oil, a slight subsurface damage can be found after just
25 h of runtime. At a 1 mm axial distance, the first signs of damage appeared 10 to 50 pm
below the surface after a test duration of 25 h. In contrast to these results, severe subsurface
damages occurred after a 50 h runtime. After 50 h, severe propagation of the material
cracks were observed in the subsurface region up to 200 um under the surface. Also,
WEC was found in these samples, although there was no damage visible on the contact
surface. After approximately 70 h, the bearing rollers failed and showed severe flaking
damage on the surface. There were large areas exhibiting WEAs, which were surrounded
by long networks of cracks. At 1.5 mm to the outer edge of the roller, there were also some
subsurface cracks after only a 25 h runtime, with severe damage occurring in this region
after a longer runtime. After 70 h, the rollers showed flaking damage on the surface. Due
to the chipped off surface and subsurface region, the number of observed WECs and WEAs
was lower than that noted in the test at 50 h. However, subsurface damage was still found
in the damaged samples.

In contrast, there was no damage observed using the high ref. oil, as shown in Figure 6.
After 300 h, dark etching regions (DER) were observed in the cross-sectional cuts of the
rollers at a distance of 1.5 mm from the outer side of the rollers in the subsurface region,
which indicates classical rolling-contact fatigue.
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25 h/ 6.2 x10° cycles 50 h/ 12.4 x10° cycles 70 h/ 17.4 x10° cycles

Figure 5. Cross-sectional cuts and metallographic examination of the rollers run with the low ref oil.

25 h/ 6.2 x108 cycles 50 h/ 12.4 x10° cycles 300 h/ 74.4 x108 cycles

Figure 6. Cross-sectional cuts and metallographic examination of the rollers run with the high ref oil.

3.3. Residual Stress Measurements

The residual stresses were measured on the washers. The flat surface of the washer
ensures better repeatability of the measurements, which would be otherwise affected by the
crown of the roller (cylindrical rollers are actually manufactured with a slight camber that
is subject to manufacturing tolerances). Nevertheless, to ensure transferability of residual
stress results between the roller and washer, comparison measurements were carried out
on virgin samples, as shown in Figure 7. The stress profiles obtained from the washer and
the roller indicate very close results.

The residual stresses in the subsurface region were measured using gradually larger
depth increments. The residual stress profiles were similar in samples tested with both
oil formulations. Here, it is important to note that stress gradients (rather than stress
magnitudes) are decisive for hydrogen diffusion [26].

In Figure 8, the residual stress profile of the washer was measured in the virgin state,
as well as after 25 h and 50 h runtime, using the low-ref oil. In virgin samples, only
compressive stresses were measured. With increasing depth, the compressive residual
stresses decrease sharply; below 50 um, the stress gradient decreases; however, stresses
remain compressive throughout the whole measurement range. The test samples showed
compressive stresses of approx. 600-700 MPa on the surface, compared to approx. 1100 MPa
in the virgin samples. The compressive stresses decrease as the depth increases, changing
to light compressive or even tensile stresses, with a peak at approx. 20 pm, below which
the stress decreases and reaches a plateau at approximately 50 pm.
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Figure 7. Comparison of the residual stresses of virgin bearing components.
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Figure 8. Residual stress profile of tests using low ref oil after 25 h and 50 h, measured in the rolling
direction (left) and perpendicular to the rolling direction (right).

Figure 9 shows the residual stresses using the high ref oil. All samples tested for 25 h
and 50 h showed similar stress profiles, with compressive stresses on the surface. The stress
decreases sharply in the first micrometers of depth with a positive gradient, below which
the stress reaches a peak, and the slope becomes negative. For the sample tested for 25 h
using the high-ref oil, the peak in the residual stress profile is obvious.

200 200
-8, " $
0 .»___;ii;;,,i j— 04
g f g
S 20, S 20,
[ [
o -400 - —=— initial state 0° o -400 - [—=— initial state 20°
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o
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2 2
-1000 -1000
-
-1200 T T T T T -1200 T T T T T
0 50 100 150 200 0 50 100 150 200
depth [pm] depth [pm]

Figure 9. Residual stress profile of tests using high ref oil after 25 h, 50 h, and 300 h, measured in the
rolling direction (left) and perpendicular to the rolling direction (right).
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After a test duration of 300 h, the formation of a classical fatigue zone, with com-
pressive residual stresses in the subsurface region, was observed. This is in line with the
findings in the microstructural analysis, where a dark etching region (DER) is formed after
300 h of testing.

3.4. Thermal Desorption Analysis
3.4.1. Hydrogen Content Measurement

The measurement of hydrogen content using the TDA (Figure 10) shows the difference
in the hydrogen accumulation in the bearing rollers using the different lubricants and
test durations. The test runs using low ref oil showed a higher hydrogen content in the
samples. The samples tested using high ref oil showed the maximum hydrogen content
of 0.6 ppm, reached after approximately 100 h. Longer test durations did not result in
higher hydrogen content in the samples. These runtimes were not even achieved with the
low-ref oil due to the occurrence of damage. After a 25 h runtime, a hydrogen content
over 0.6 ppm was measured, and after 50 h, an average of 0.8 ppm was measured in the
roller samples. A measurement showing very high hydrogen content was obtained from a
sample tested for 70 h with the low-ref oil; nevertheless, it was not shown on this graph.
The cross-sectional analysis of the 70 h test run showed a network of cracks that propagated
to the surface of the rollers. Thus, even after grinding the superficial area of the rollers,
some lubricant might have been trapped in deeper cracks, which would have affect the
measured hydrogen content.

1.0
= high ref oil
trendline of "high ref oil"
u |ow ref oil
trendline of "low ref oil"

T 0.8+ .
Q.
K="
I=
QL
C
o)
: I
S 064
o)
g |
o
>
e

0.4 4

T T T T T T T T T T
0 50 100 150 200 250 300
test duration [h]

Figure 10. Hydrogen accumulation with different lubricants over the runtime.

3.4.2. Measurement of Trapping Energies

TDS measurements of trapping energies were carried out for three different rollers of
one bearing. The measured trapping energies are listed in Tables 2 and 3.

Table 2. Measured trapping energies using high ref oil, with coefficient of determination.

Peak 1 Peak 2 Peak 3
Eg (kJ/mol) R? Eg (kJ/mol) R? Egp (kJ/mol) R?
Initial state 10.28 0.93 28.82 0.89 50.57 0.98
High ref 0il 150 h 7.08 0.92 10.03 0.89 13.05 0.82

High ref 0il 290 h 38.83 0.90 38.23 0.98 41.67 0.92
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Table 3. Measured trapping energies using low ref oil, with coefficient of determination.
Peak 1 Peak 2 Peak 3
Eg (kJ/mol) R? Eg (kJ/mol) R? Eg (kJ/mol) R?

Initial state 10.28 0.93 28.82 0.89 50.57 0.98
Low ref 0il 10 h 12.87 0.95 14.92 0.98 10.36 0.94
Low ref 0il 10 h 17.59 0.97 47.65 0.98 43.99 0.95
Low ref 0il 25 h 13.25 0.93 6.29 0.94 28.75 0.77
Low ref 0il 25 h 6.28 0.92 25.54 0.99 34.58 0.98
Low ref 0il 50 h 39.19 0.90 78.88 0.96 35.35 0.81
Low ref 0il 50 h 14.39 0.78 13.81 0.77 24.09 0.85

In Table 2, it can be seen that after a 150 h runtime, the trapping energies of all three
peaks are quite consistent, at around 10 k] /mol. After 290 h, the trapping energies of the
peaks are also consistent, at about 40 kJ /mol.

The trapping energies using the low ref oil vary widely, as shown in Table 3, and not
just in regards to the runtime; it is also clear that the number of the peaks does not yield a
consistent trend. Moreover, the smaller R? with a longer runtime shows the wider variation
in the filled trapping sites. After a 50 h runtime, there was one particularly outstanding
trapping site showing a high trapping energy, in which almost 80 kJ/mol were measured.

4. Discussion

In this work, rolling-contact fatigue behavior was studied for CRTBs lubricated using
two different formulated lubricant mixtures (low ref and high ref). The metallographic
examinations indicated the formation of WEC in samples tested with the low ref oil after
25 h (Figure 5); crack propagation resulted in substantial subsurface damaged after 50 h.
Typical surface spalling was observed after around 70 h. In contrast, the samples tested with
the high ref oil did not show any signs of premature damage, even after 300 h (Figure 6);
signs of classical rolling contact fatigue, such as DER, were recorded.

Figure 7 shows almost identical residual stress profiles in the rollers and washers. To
ensure better repeatability, the residual stresses in the tested samples were measured on
the washers (refer to the explanation in Section 3.3). Moreover, the contact stresses, as well
as material composition and properties, are almost identical in both contact counterparts,
which ensures the transferability of the residual stress profiles between both components.

The measured residual stress profiles (refer to Figures 8 and 9) are in line with previous
measurements obtained by Voskamp et al. [35,36]. It is worth noting that cyclic rolling
contact changes the residual stress profile so that, just below the surface, a crest point is
formed, indicating a positive-to-negative change in the stress gradient. This zone would
act as an accumulation zone for hydrogen, as argued in Khader et al. [26,37], within
which hydrogen concentrations 150% to 175% higher than those in the bulk material were
computed [37]. WEC were observed at depths of 25 to 50 um under the contact surface,
which coincide with this region of accumulated hydrogen [37]. Hence, it is believed that
the elevated hydrogen concentrations within the accumulation zone can be correlated with
the formation of WEC [38]. Although the residual stresses were measured in the washers,
the same profiles are expected to develop in the rollers. In 25 h and 50 h tests, the stress
profile shows a peak just below the surface, resulting in a change in the stress gradient
from positive to negative. The stress profile of the 300 h test also showed similar behavior,
with higher compressive stresses below the surface. The difference in residual stresses
using different oil formulations is attributed to the running-in behavior (Figure 4), which is
mainly influenced by the oil additives.

Figure 11 shows the measured residual stress profile of the high ref oil after 25 h,
measured in rolling direction, with a crest point in the tensile stress region. The graph also
shows the von Mises stresses developed due to contact. The von Mises stress was extracted
from a finite element model developed elsewhere [37]. The region marked by the ellipse in
the figure indicates the zone of WEC formation in the first 25 h of the test time (with low ref
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oil). The subsurface hydrogen accumulation is believed to detrimentally affect the integrity
of steel by means of hydrogen enhanced decohesion (HEDE) [39]. This processes [39,40]
and the overlapped mechanical stresses (as indicated by the peak von Mises equivalent
stress) is therefore believed to lead to the initiation of cracks in the subsurface region.
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Figure 11. Overlap of gradient in residual stresses, with high von Mises stress relative to the observed
WEC damage.

It is also worth mentioning that the damage predominantly occurred on the outer
edge of the roller. It is assumed that slip in the rolling contact leads to the removal of the
tribo-chemical layer, thus rendering the surface more susceptible to hydrogen diffusion.
The nascent metal surface is more susceptible to the adsorption of hydrogen, which then
gets absorbed by the bulk material [41,42]. It is known that higher slip can be associated
with the occurrence of WEC damage [16].

The measured trapping energies (Tables 2 and 3) indicate the saturation of some sites
and the creation of new ones. There are clear differences in the trapping energies, and the
energies are more consistent in the tests using the high ref oil. With the high ref oil, it seems
that hydrogen initially becomes more diffusible in the lattice due to over-rolling, as seen in
Table 2. In the 150 h test, all three peaks were very close to each other at around 10 k] /mol.
After 290 h, the trapping energy is also consistent at approx. 40 k] /mol, which may indicate
saturation, revealing the formation of DER, which is associated with very high dislocation
density [43]. The measured trapping energies did not show a clear trend for samples tested
with the low ref oil (Table 3). This may be attributed to the unevenly distributed subsurface
damage in steel, which is a reflection of a different localized load at the microscopic
level. The literature findings for similar types of steels indicate that the lower energy
traps (around 10 kJ/mol) are associated with interstitial sites or carbides, e.g., (Fe, Cr,
Mo),C. Trapping sites of around 28-40 k] /mol indicate dislocations, grain boundaries, or
martensitic laths [29,44]. Higher energy traps would be considered irreversible traps [34,44].
Very high binding energy sites (similar to those in the test using low ref oil for 50 h) are
assumed to be strained Fe3C interfaces or an interface between o-phase and an MnS
inclusion [29]. It is thus believed that more data are needed to be able to achieve a trend of
trapping energies.

5. Conclusions

The following points summarize the work:

e  The tests showed that a running-in behavior occurs using the low ref oil, and practically
no running-in occurs using the high ref oil due to different additive mixtures.
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e In the metallographic cuts, it was observed that the initiation of the damage begins
at a depth of approximately 25 to 50 pm; cyclic rolling contacts result in damage
accumulation and crack propagation.

e  The hydrogen content measured in the rollers was higher for the low ref oil when
compared to the high ref oil, which indicates that a higher hydrogen content and WEC
damage are correlated.

e  The trapping energies showed that the trapping sites with higher trapping energy
become occupied after a longer runtime; it is assumed that at first the lower energy
traps corresponding to dislocations, and subsequently, after 50 h, the high energy traps
are occupied by hydrogen atoms.

e  Theresidual stresses ranged from compressive stresses on the surface of the washers, to
slight tensile stresses at depths of 20 to 50 um, to lower tensile stresses at greater depths.

The correlation of the elevated hydrogen content, the measured residual stress, the
observed failure due to subsurface cracks, and the subsequent spalling of the surface of the
roller indicate that the emerging profile of residual stresses, in combination with the high
von Mises stresses, play a significant role in the damage evolution of the WEC. Slip also
has some effect, leading to damage occurring mainly on the outer edge of the rollers.
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