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Abstract

The effect of hydrogen and contact pressure on the sequence of microstructural
changes during bearing operation has been investigated. The continuation of bearing
testing in the presence of microcracks stimulates the formation of (1) white-etching
matter (WEM) on the crack surfaces that endure severe surface rubbing, (2) slip
bands in the region that experience a higher stress levels due to microcrack formation,
and (3) engineering bands within the WHdyEngineering bands are a new observation
whereby ferrite crystals cross a multitude of fine grains (WEM). The presence of
hydrogen and high contact pressure during the bearing tests promoted early bearing
failure, but with the formation of large crack networks, that coexist with slip bands,

precursors to WEM, and conventional WEM.
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1. Introduction

The white-etching crack (WEC) phenomenon, also called brittle flaking!? and
white structure flaking (WSF)? as observed in wind turbine and automotive bearings
that have failed prematurely, has received considerable attention and is particularly

damaging in term of reliability.> %67 The lack of understanding of its origin makes
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predictions or prevention difficult.® Only a single branching crack network is needed
to stimulate its development into a spall that causes the bearing to fail. In fact,
the crack that causes the actual spall becomes damaged during the circumstances
leading to gross failure, making it difficult or impossible to trace. The fact that
WECs are readily seen in the failed bearings indicates that the number of crack
networks developed in the bearing prior to gross failure is large, with the operation
of an autocatalytic effect that leads to a rapid escalation of cracking.

There have been several hypotheses regarding the acceleration of crack formation.
These include either (i) material weakening by hydrogen?®; or (ii) load-induced®.
While the sources of hydrogen entry into the bearing are still being discussed widely,*
the effect of hydrogen on toughness reduction and acceleration of crack formation
in steel is well-known.”® 12 There are many reports on the reduction of bearing life
due to hydrogen, but not the effect of hydrogen on the sequence of microstructural

9 In this work, detailed microstructural

alteration during rolling contact fatigue.
studies were performed on bearings that have been tested on known parameters that

contain WECs.

2. Experimental procedure

Three investigations have been conducted, two involving type 6309 deep-groove
ball bearings (DGBB) and a 7209 angular-contact ball bearing (ACBB). The DGBB
inner rings were hydrogen charged using the procedure developed by Vegter.!® Two
different contact stresses were used on the hydrogen charged bearings. The bearing
H1 was tested using a contact pressure of 3 GPa whereas H2 was subjected to 2.4 GPa
contact stress. A higher contact stress of 3.3 GPa was used on the non-hydrogen
charged bearing (S1) in order to initiate failure. The bearing test conditions and
predicted bearing life are shown in Table 1. All bearings were made of martensitic
ASTM 52100 bearing steel. The measured hardness for all samples is 690+48 HV30.

aSource of hydrogen is from the decomposition of lubricating oil, water contamination, aggressive
oil additives or stray currents 6 10

bVia transient loading conditions (for example: impact) or sliding between roller and races),'”



Table 1: The bearing test conditions and parameters used in this work. The predicted bearing life
under the testing conditions is also shown.

Parameter Value

Bearing type DGBB ACBB
Test rig R2 R2
Contact pressure / GPa 2.4-3.0 3.3
Test temperature/ °C, outer ring 83 60
Speed / rpm 6000

Lubricant Shell TT100  Shell TT68
Viscosity ratio/ & 2.96 4.2

SKF rating life at 90% reliability at 2.4 GPa / Revolutions 2542 x 106
SKF rating life at 90% reliability at 3.0 GPa / Revolutions 112 x 106
SKF rating life at 90% reliability at 3.3 GPa / Revolutions 33 x 106 21 x 106

Classic metallographic techniques have been used to characterise the failed sam-
ple. The metallographic investigation was performed on the parallel section of the
inner ring. Samples were etched using a nital solution. The microstructure was
studied in the FEI Nova Nano scanning electron microscope (SEM) and FEI Tecnai
Osiris transmission electron microscope (TEM). All SEM images taken are aligned
in parallel to the raceway surface. A FEI Helios focused-ion-beam (FIB) system
was used to cut out specimens from specific regions for further transmission electron

microscopy studies.

3. Results and discussion

The number of revolutions experienced by the examined samples are listed in table
2; both the introduction of hydrogen and an increase in contact pressure naturally
reduce the bearing life. The ingress of hydrogen into the inner ring is particularly
damaging since early failure is observed when comparing bearing S1 and H1.

Figure 1 shows the damage in bearing H1, along a single crack that runs through
the matrix. Near the crack front, residual cementite particles are seen to be cut by
the propagating crack. The regions labelled Pre-WEM (precursor to white-etching

matter) represents deformed matter that is not fully developed into white-etching

3



Table 2: Bearing running conditions and the observed type of failure.

ID  Bearing H /ppmw  Contact presure / Revolutions before failure  Type of failure
type GPa
S1 ACBB - 3.3 29.3 x 106 Inner ring failure
H1 DGBB 5 3 1.3 x 106 Inner ring failure
H2 DGBB 5 2.4 29.8 x 106 Test stopped due to
vibration

matter (WEM), with similar overall morphology but exhibiting plastic flow lines®
and circular voids. The voids are assumed to be due to the detachment of not
fully dissolved residual cementite. The fact that both the flow lines and voids are
tiny features within the pre-WEM, these would result in a darker etching region if
the observation is made using optical microscopy.” Figure lc shows that the void
within the Pre-WEM is much smaller than the surrounding residual cementite in the
matrix, the small size (less than 100 nm in diameter) and its distribution along the
deformation bands can be explained by the fact that the cementite is decomposed
(into smaller size) via the development of high dislocation density region around the
cementite particle under the severe plastic deformation.'? 1617

Further behind the crack tip, there is another pre-WEM, smaller in size compared
with the previously described pre-WEM, probably relating to a different stress expe-
rienced in that local region, as determined by the position and the orientation of the
crack. At the far side of the crack tip, a well-developed region of white-etching mat-
ter (WEM) is observed, indicating that its formation requires time to develop during
cyclic loading. As reported by others,®!81 due to its inertness towards etching
reagents, the WEM would appear flat and featureless after etching.

Crack formation is not instantaneous, and its propagation is dependent on the
contact pressure and the number of rolling cycles. Coupled with the hypothe-

sig?%:21,8,22,23,13,24 that WEM would form on the crack surface region that endures

¢Also described by West!'* as smeared band structures.
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Figure 1: Sample H1, Crack region at 214 um from contact surface. a) Microstructure evolution
observed along a crack with observe associated microstructure features, showing residual cementite
breakages by crack propagation and the formation of Pre-WEM and WEM on the crack surface.
b) WEM with no observable feature within. ¢) Pre-WEM with plastic flow lines and voids.

severe surface rubbing, this micrograph confirms the WEM is formed after crack
formation. Here, various stages in the evolution of the white-etching matter forma-
tion are shown, the severe plastic deformation flow lines within the pre-WEM are
observed to be aligned in near parallel direction to the crack surface. The process of
structural evolution indicated for WEM is justified by the fact that (1) the crack is
not uniformly decorated with white-etching matter, (2) the size of WEM varies with
distance from the crack tip and rolling contact surface, and (3) it occurs only on the

crack faces that are normal to the compression axis of contact stress.



WEM formation is essentially comparable to other severe plastic deformation pro-

cesses, %26

which begin with the deformation or rubbing of the crack surfaces, where
the local region is plastically deformed, and a high dislocation density is developed.
An elongated structure is formed on the deformed region and which aligns along the
deformation direction (which is nearly parallel to the crack surface in this instance).
Any residual cementite would be sheared and can dissolve under such an intense
strain. Further rolling contact fatigue cycles would lead to a gradual increase in the
misorientations of dislocation cell boundaries which than become the grain bound-
aries of nano ferrite grains. The carbon introduced by the dissolution of cementite
segregate to these cell boundaries.?

Figure 2 shows the structure around a branching crack. Other than WEM related
features, slip bands are also seen. Multiple crack branching would alter the stress
distribution in the surrounding regions, with a more profound stress acting near
the WEM region. It is believed that the slip bands are induced there during cyclic
loading.

The Hertzian stress at the depth at which the maximum shear stress is encoun-
tered, where cracks probably initiate, is more complex with 7, o,, 0y and ¢.9 all
having finite values. However, away from the depth of maximum shear stress, o, and
og become zero, so the deformation mode must be simplified. This might explain
the orientation of well-defined slip bands in the region away from the cracks. Ta-
ble 3 summaries the observed microstructural damage and the resolved shear stress
expected in the local region in the vicinity of the crack under a bearing load.

Deformed /sheared residual cementite was also observed within the pre-WEM in
figure 2, here the residual cementite remains within the pre-WEM in contrast to the

14,27 made similar observations

pre-WEM found in figure 1. West and Janakiraman
with respect to cementite (whole and sheared) within the WEM.

Figure 3 reveals a different WEM morphology obtained in bearing H2. Here,
multiple cracks were observed. There is a major crack that is related to the observed

WEM in the centre of the picture. It is most likely that this WEM was formed to-

d7 is shear stress, o,., 09 and o, are stress distribution down the axis r, § and z.



SR
PN O TN A |
¥ Slip bands (N‘)‘ Iy A WEm
. ‘-‘ y | j.

N :
Deformed s

» Jesid Ll

% 2

Figure 2: Sample H1, Cracks region at 184 pum from contact surface. a) The microstructure features
around a branching crack. Slip bands and deformed residual cementite is observed in addition to
pre-WEM and WEM.

gether with the micro crack as indicates on the micrograph. Below the major crack,
severe deformation flow lines and residual cementite are observed. The microstruc-
ture in this deformed region is akin to Pre-WEM, indicating that the microstructure
alteration is less advanced compared to the observed WEM on the other side of the
crack.

A new microstructural feature is observed in figure 3, consisting of multiple paral-
lel bands that run across the WEM and Pre-WEM. These are designated ‘engineering
bands’ because (as shown later) they grow after the formation of WEM or Pre-WEM
during cyclic loading. Figures 4a and b show SEM images with the engineering bands,
with a corresponding higher resolution bright field TEM image in figure 4c and d.

Diffraction pattern obtained from indicated region in figure 4d is shown in figure



Table 3: The estimated level of resolved shear stress expected in the vicinity of the crack under a
bearing load and the resultant microstructure alteration at the start of WEM formation. Based on
the observed microstructural damage.

away from crack surface)

Crack surface (0-2 pm from
crack surface) in the prefer-
able orientation

Contact Stress formulation, lower than the critical resolved
shear stress. Also affected by how close in proximity other
cracks form.

Significantly higher than the critical resolved shear stress, lo-
calised plastic deformation with every bearing revolution.

Region Stress level Microstructure
alteration
Without crack As calculated by Hertzian Contact Stress formulation, location | -
dependent, lower than critical resolved shear stress
Crack vicinity (2-10 um | Higher than the resolved shear stress calculated by Hertzian | Slip bands

Pre-WEM and
WEM

4e. Surprisingly, the engineering bands are indeed ferrite polycrystals. In agreement

with other investigators, the WEM consists of ultrafine ferrite grains.*2%2° Here, no

residual carbides were observed.

Figure 5 shows an image and the corresponding chromium distribution near the

WEM region; the dissolution of cementite distributes the chromium that was enriched

in the cementite, homogeneously within the WEM.

The observation and hypotheses of the formation of engineering bands are listed

below. The observed features of engineering bands include:

1. Consists of poly-crystalline ferrite that is plate-like in overall shape.

2. Growth across many ultra-fine grains within the WEM in different orientations.
3. The bands are confined to WEM and pre-WEM.

The hypothesis for engineering band formation is:

1. Early crack initiation and crack branching in the hydrogen charged sample

that promotes early WEM formation, and enables WEM to experience a large

number of stress cycles.

2. The possibility of sub-micrometre adiabatic shearing during rolling contact

fatigue. Adiabatic shearing that causes a local temperature increase during
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Figure 3: a) Complex microstructure feature observed on sample H2, cracks region at 50-340 um
below surface.

rolling contact would soften the WEM, and hence assists the ferrite plate to
grow through WEM.

3. It is confined to WEM or Pre-WEM because a fine-grained or heavily deformed
structure would soften more rapidly with increased temperature. It is likely

that there are adiabatic shear bands within the WEM.

4. Its formation is time or number of revolutions dependent.

Figure 6a shows sample H2 in as-polished condition. Only cracks and slip bands
were observed in the as-polished condition. It is revealed in figure 6b and c¢ that the

slip bands did not disappear after re-polishing®. The orientation of the persistence

°The re-polishing procedure included 6 pm and 1 pm diameter diamond suspension and finishing
off with 0.04 um diameter colloidal silica suspension.
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Figure 4: Sample H2, Cracked region at 242 pm below rolling contact surface. a) Three 3-way
cracks branching. b) Engineering bands observed within WEM and Pre-WEM. Red rectangular
indicates the region of FIB sample is taken. c) Bright field TEM image of FIB sample showing
engineering bands within WEM and undeformed martensitic laths without sharp interphase are also
observed. d) and e) Magnified single engineering band and its indexed diffraction pattern showing
the engineering band are ferrite crystal which are about 100nm thick. A diffraction pattern of
concentric rings indicates the formation of isotropic polycrystal nano size ferrite grains where the
spot ring of 011 is indicated.
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Figure 5: SEM image and the corresponding chromium intensity map. Homogenization of chromium
element is observed with the WEM region.Cracks region 50-340 pm below rolling contact surface.

slip bands remains the same. A noticeable difference between figure 6a and b is that
one of the slip traces has become more broadened with wider lines with rather hazily
defined edges. Other slip traces, however, seem to become thinner. The observed
characteristic of the slip bands is similar to the one described in rotating bending
samples as describe by Ewing3! back in 1903. It has been shown in figure 2 and 3
that slip bands are present in both sample H1 and H2. It has been demonstrated here
that the slip bands are formed in the matrix and are typically surrounded by multiple
cracks but the slip bands are away from the crack surfaces. As there is no evidence
that the cracks observed are initiated from the slip bands, it can be concluded that
the slip bands observed in this study are formed after the crack formation, resulting
from the change in stress distribution experienced in this local area and localised
cyclic fatigue'.

Figure 7 compares the traced cracks observed on both hydrogen charged samples
tested at different contact pressure a) 2.4 GPa (H2) and b) 3 GPa (H1)®. The crack

fThis simple re-polishing procedure would provide a microscopic evident to support any claims
that the cracks could be initiated from the slip bands in WEC.

€The aim of this exercise is not to compare the severity of crack networks in two bearings which
may require more than one micrograph from each condition, but to compare the cracking behaviour
and morphology, which the author believe one micrograph from each condition is representative.
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Figure 6: Sample H2, region between 180-220 um from rolling contact surface. a) As polished
micrograph showing slip bands between two cracks. b) The re-polished surface in the same area as
a) showing the same slip bands region. ¢) High magnification of slip bands with indication of slip
bands are cavities.
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morphology observed in figure 7a are difference from those of figure 7b. The crack
networks observed in sample H2 are numerous and dense compared to one found in
H1. Furthermore, the multiple cracks seen in the H2 sample are not linked (figure

7a), and at high magnification, multiple micro-cracks(figure 7c) were also observed,

indicating that the branching of crack behaviour on both samples are different.

Figure 7: Trace cracks observed in bearing H1 and H2. Both inner rings have been hydrogen
charged but tested at different contact pressure a) 2.4 GPa (H2) b)3 GPa (H1) ¢) Same as figure a,
but at high magnification. The rolling contact surface on the bearing is indicated on both figures
a and b. The centre position of figure ¢ is 150 um below the rolling contact surface.

In order to compare the hydrogen-charged bearings with a standard bearing,
one non-hydrogen-charged bearing was investigated. Figure 8 compares the altered

microstructure obtained near the surface spall in bearing S1 and H2. In the bearing

13



that has been hydrogen charged and tested at low contact stress of 2.4 GPa, the
observed damage includes a larger WEM with engineering bands and slip bands.
The existence of these microstructural features indicates that a high number of stress
cycles have been experienced in the region of cracks. Without hydrogen charging but
tested at a higher contact stress, the observed damage near the surface spall is a small
WEM with no observable engineering bands, nor any sub-surface WEC in the failed
bearing.

With a similar number of revolutions experienced by both bearings S1 and H2
before failure, it is possible to explain the combined effect of hydrogen and contact

stress on early bearing failure. Previous work3? 18,3334

has identified material defects,
particularly the non-metallic inclusions as the WEC initiators. It was also shown
in this work that the introduction of hydrogen into the bearing would induce early
cracking.

The bearing subsurface microstructure damage starts with an early crack for-
mation that changes the stress distribution in their vicinity that then leads to the
microstructure alteration with the WEM, engineering bands within WEM and slip
bands formation during the continuation of bearing testing. The increase in contact
pressure in the presence of hydrogen would promote the development of the crack sys-
tems which grow into considerable sizes that eventually trigger spalling that causes
bearing failure after a short testing time; in this bearing testing condition, only slip
bands, pre-WEM, and WEM formation are observed. Without hydrogen ingress but
tested at high contact stress, the crack initiation from the stress concentrator (most
likely to be non-metallic inclusion) will take a long time, however, once the crack
is initiated, the crack propagation can be rapid and will cause the bearing to spall
and fail. Since the crack propagation is fast, there is limited time for other cracks to
develop in parallel and there by limited or no observable WEC will be formed.

Based on the detailed microstructure analysis in this work, it is proposed that
the microstructure damage of white-etching crack begins with crack initiation. The
crack initiation and branching that develops into a microscopic network should alter
the local stress distribution which leads to the different level of local deformation.

The intense plastic deformation begins with the formation of Pre-WEM followed by

14
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Figure 8: a) Large WEM with engineering bands and slip bands observed near the surface spall
in hydrogen charged bearing, H2. b) Small WEM without engineering band and no slip bands
observed on the non hydrogen charge bearing, S1.

WEM on the crack surface during the continuation of cyclic loading”. The initiation
of crack and crack branching that changes the local stress distribution allow the
planar slip bands to form in the crack vicinity. Depending on the applied contact
pressure, the continuation of the bearing operation will lead to the formation of
engineering bands within the Pre-WEM and WEM. The major difference between
the slip bands and engineering bands is that slip bands are formed on the matrix,
while engineering bands form on Pre-WEM and WEM. Furthermore, slip bands can

be observed on the as-polished surface.

Conclusions

A detailed microstructure investigation on white-etching crack containing failed

ball bearing inner rings reveals that

1. The sequence of the microstructure alteration observed in WEC containing

bearing steel is as follows: On the crack surface, the pre-WEM is formed first

hThe crack would continue to propagate and to branch under the cyclic loading.

15



and followed by WEM and engineering bands. At the crack vicinity, the slip
bands are formed.

2. The microstructure evidence obtained in this work supports the idea that all
observable microstructure alterations are formed after the crack formation.

3. Subsurface cracks are promoted by hydrogen ingress. However, under low
contact pressure, bearing failure is slowly initiated. The continuation of bearing
testing in the presence of microcracks aids the microstructure damage with the
formation of WEM, slip bands and engineering bands.

4. In the presence of hydrogen and high contact pressure, the crack propagation
is rapid which results in early bearing failure. The subsurface microstructure

damage observed is large crack networks associated with slip bands, Pre-WEM

and WEM.
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4. Appendix

Table 4 lists the definition and description of the microstructure used in this

work.
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Table 4: The microstructure description and definition use in this work

Microstructure

Definition and description

Matrix

Residual cementite

Crack

Circular void

White-etching mat-
ter (WEM)

White-Etching
Cracks (WEC)

Precursor to white-
etching matter
(Pre-WEM)

Engineering bands

Slip bands

Main microstructure of the steel-typically tempered
martensite

Pro-eutectoid cementite precipitate that did not dissolve
during austenitzation, spherical particle that has differ-
ent contrast to the matrix after etching

An irregular line/plane that appear to split two sur-
faces without breaking apart, the tip of the crack can
be pointy.

A cavity that is due to the particle drop off, appear dark
and circular

Contains ultra-fine ferrite with carbon atom distributed
on the grain(cell) boundaries, region that appears white
when examined under optical microscope, featureless
and flat region when examined under SEM. In this work,
we are not using the term white-etching area(WEA) and
white-etching constituent(WEC) since this microstruc-
ture is in three dimensional and the abbreviation of
white-etching constituent may be confuse with the ab-
breviation white-etching crack.

A three-dimensional branching crack networks that ap-
pear on the subsurface of failed bearing may link to the
surface, with WEM appear adjacent to the cracks.

Has the same morphology and shape of white-etching
matter with deformation flow line, sheared residual
cementite and circular void can be seen within the
structure

Consist of ferrite crystal that appear within WEM and
Pre-WEM after long rolling contact cycle

Each slip trace is a thin line that appears in an unetched
condition. Typical appear in more than one straight line
in parallel on the matrix.

22




