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Abstract

The life cycle of any drive train is given by thdiability of its individual components,
e.g., bearings, gears, and their connections. tation as a part prevents wear caused
by uncontrolled mixed friction. However, lubricantgy interfere in the load capacity
of the steel due to chemical and physical proced8bsge etching crack (WEC) failures
are one of the most prominent failure mechanisnppased to be related to this topic.
In order to understand its initiation and progressie carried out a series of tests in the
FE8 test rig proven to reproduce WEC by lubricatremistry. These tests were

stopped at an early stage.
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All lubricant compositions leading to WECs showeatgs in the subsurface starting in
a depth of about 80 um as an early state phenomevole oils not leading to WEC
did not show any changes in a comparable test tilodifications of the microstructure
like new grain boundaries were found next to theepsites by the use of SEM BSE
imaging and EBSD mappings. The present investigatgve valuable insight into the
formation mechanisms of WECs and on the role diedéht lubricants in the failure

process.

Keywords: White Etching Cracks (WECS), Electron Msxropy, AlSI 52100, Subsur-

face Failure

1. Introduction

Drive trains are expected to be reliable within life cycle. Reliability is to ensure a
predictable life expectation of drive train compotse e.g., gears, clutches, and bearings
given by construction guidelines. Construction glirtes ensure the reliability of ser-
vice life, based on the assumption that impactoagl|causes life reduction. For bear-
ings the reliability is expressed by the ISO 2&hdard, as the ratio of the real dynamic
load rating C, the dynamic equivalent mean logg &d the nature of the contact p

(point or line, depending on bearing type) as showequation 1) [1].

Lip = a;50(C/Py)P (1)

The real dynamic load rating C in this equatiotisged as a catalogue value for bear-
ings under standard conditions and expresses t@mly load resulting in £aevolu-
tions, e.g., load cycles for 90 % of the bearifidee dynamic equivalent mean loag P

combines thrust and radial load impacting on tharibg. In order to reduce test time,



B T i S L I e =

the dynamic loading is chosen such that a faildrthe tested components is expected
in a reasonable time defined as a number of loatesypassing the contact zone of a
bearing. Lubrication is considered to influence ribléability in service life due to basic
parameters, such as oil cleanliness, oil viscoaity oil temperature. These parameters
are summarized in a life modification factesca However, plenty of studies prove that

service life may depend on the composition of ledmmis [2] [3].

White etching cracks (WECSs) or white structure ithgk(WSF) have occurred in the life
cycle as a matter of maximum unreliability in bagrtechnology in plenty of applica-
tions [4] [5] [6] [7], but seemingly not related &my construction guideline expressed in
the I1ISO 281. Hydrogen as a facilitator or root eaissintensely discussed worldwide
[8] [9] [10] [11]. Besides, adiabatic shear bandsaaesult of pressure peaks were sug-
gested to cause WEC in earlier discussions [17] E3rthermore, electrical and elec-
trostatic effects [14] [15] or combined effects lwhydrogen embrittlement are known
to facilitate WEC. Intense material studies on Wie&tures, still ongoing, prove a pro-
nounced degradation of primary carbides, chromiepletion, and crack network for-
mation in various depths of through hardened stéelh martensitic and bainitic, but
also on case hardeners [16]. Within the past feavsydests came up to clarify the pro-
cesses leading to WEC. A methodology separatingB€ features into drivers and
accelerators was presented by Evans [17] sucheassieal impact, water, slip and oth-
ers [17] [18]. Moreover, lubricants and their comgots appear to be crucial for creat-
ing WEC [19] [20] [21] [22] [23] [24] [25] [26] [2F[28]. Friction energy accumulation
combined with the formation of hydrogen is assum&d possible mechanism. A recent
study however points out that specific lubricans leading to WEC, despite the fact
that their friction coefficient is equal. This makéhe assumption of friction energy ac-

cumulation less plausible [29].
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The question how the processes leading to WEC etting initiated remains unan-
swered. A recent study has proven that WEC star&siearly stage by the occurrence
of subsurface cracks, emerging towards crack néwydirst without white etching fea-
tures, but in a later stage creating them to a kiglnt [30]. Within this study, WECs
were provoked by the use of a low reference oihwvpitenty of functional additives in
combination with a continuous low-level electricamlpact. WECs did not occur by the
use of a non-additive base oil with the same le¥electrical impact. These tests show
the pronounced influence of electricity in a lowdé magnitude in combination with

the oil chemistry, even under full film lubricati¢80].

The aforementioned tests were carried out undéfitiul lubrication (k > 3). Other tests
like FE8 show WEC under boundary lubrication<< 1) by the use of different oil
compositions [16], but not being exposed to a level imposed artificial electricity. A
recent study is proving the pronounced influenctbfication chemistry by the use of

artificial intelligent techniques [28].

The present study aims to identify possible iniatprocesses of WEC failures under

the given conditions of an FE8 test rig.

2. Experimental details

2.1 Rolling contact test rig

A standard FES8 test rig (Schaeffler) is used fer ribller bearing tests. A sketch of the
test head is shown in Figure 1. In order to keeptémperature constant a fan for the
test head, a thermo-couple, and a heat exchangtheil were used. The temperature
of the two cylindrical roller thrust bearings (CR3)Band the lubricant was measured

and recorded by the use of a thermo-couple. Thehtssl was placed into a mounting
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press and the axial load was controlled by a ladd The CRTBs (AlISI 52100 steel,
martensitic hardened, 10 -12 % retained austeyje,81212) consist of a shaft washer,
a housing washer and 15 rolling elements (all A3100). The rolling elements were
guided by a brass cage. The axial load was sed td\§ resulting in a contact pressure
of 1900 MPa. The rotational speed of the shaft adjasted to 750 revolutions per mi-
nute. The maximum bearing temperature was preasEd@ °C, the oil flow rate on the
bearings to 0.12 L/minute. Thkevalue was calculated < 0.5 defining the test tovitb-

in a mixed friction regime.

Figure 1: Test head with axial cylindrical rollezdyings. 1 housing, 2 test bearing 2, 3 spacestdbear-
ing 1, 5 shaft, 6 clamping bolt, 7 bearing seatlr&@n pipe, 9 cap, 10 bearing support with scremed-
pilot pin, 11 lid cup of spring package, 12 lid, 43xiliary bearing. Both test bearings consist tioas-
ing and a shaft washer. The two shaft washersrébjrmunted on the shaft and rotate during testhn;

two housing washers (a) are embedded in the ho/ssipigort.
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2.2 Chemicals

The low reference oil used in this study consigtshocee components, which are de-

scribed as follows.

Polyalphaolefine (PAO) is registered in the EU urf@0-183-1. This base oll is called
high reference, not leading to WEC within the pneseork. Measured property data of
this base oil are given in Table 1. Inductively plead plasma optical emission spectros-
copy (ICP-OES) analysis shows only traces of metatimponents in the magnitude of
1-3 ppm. The low reference oil was produced byu$e of this PAO as a base oil, then
adding a Zinc di(2-ethylhexyl)dithiophosphate aneit(ZDDP) (EC list no. 224-235-
5). ICP-OES shows 8.7 wt. % zinc, 7.4 wt. % phospsoand 15.1 wt. % sulphur.
Moreover, a dicyclohexylamine additive (DCHA) (EW22980-7) was added. The
composition of the low reference oil is shown irblEa2. The purity is guaranteed to be

>99 % with a water content < 0.3 %.

In order to carry out the test runs on the FES8 tigst7 kg of the lubricant were pro-

duced by mixing the components at 40 °C until reagh clear solution. Measured data
of this low reference oil is listed in Table 1. disyclohexylamine shows a certain deli-
qguescence, the lubricant was produced immediatety po the tests or stored under

nitrogen atmosphere.

Table 1: Lubricant parameters of the low and higflerence oil used in this study

Parameter Standard Low Refer- High Refer-
ence Oil ence Oll
(PAO)
Optical assessment no color, clear, No color,

clear, no
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no sludge sludge

Color DIN I1SO 2049 LO.5 L 0.5
viscosity 40 °C [mm?/s] ASTM D 7042 44.3 46.3
viscosity 100 °C [mm?/s] ASTM D 7042  7.4785 7.85
viscosity index [-] ASTM D 2270 135 140
density 15 °C [g/cm?] DIN EN ISO 0.839 0.832
12185
refractive index [-] DIN 51423-2 1.4635 1.4621
water content (procedure C) [¥ E DIN 51777 <0.01 <0.01
TAN [mg KOH/g] DINEN 12634 2.9 <0.1
Sulphur [ppm] mean value 3832
Sulphur [ppm] standard devia- 24

tion of the mean

Phosphorus [ppm] mean value 1840

Phosphorus [ppm] standard de 24

viation of the mean

Zinc [ppm] mean value 2133
Zinc [ppm] standard deviation 42
of the mean

Table 2: Overview of the conducted tests and la@mticomposition
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Test runs

Test Lubricant  Lubricant composition FgEg runtime Result  Result

Elements
1 High ref 100 % PAO 18h No No spall-
spalling N9
2 Low ref 95 % PAO 2.5 % DCHA 75 p, Spalling Spalling
2.5% ZDDP
3 Low ref 95 % PAO 2.5 % DCHA 15, No No

2.3 Materials investigation

All investigations were carried out using the washa the bearings (Figure 1, test rig)
divided into a housing washer and a shaft wadneestigations on rollers are part of

further investigations.

The preparation is summarized schematically in fe@dia. The samples were visually
inspected first, documenting the alterations usirsiereomicroscope (Figure 2 b). After
inspection, the samples were cut and afterwardsapeel by mechanical grinding on
silicon carbide papers up to grits of about 10 (verage grain size and polishing with

6, 3, 1, and 0.2bm diamond suspensions for at least 5 minutes (EigurThe prepara-



B T e S T L I e

tion was finished by the usage of a 50 nm colloisifita suspension. After nital-
etching, the samples were re-polished. Panoramgesnavere carried out to search a
comparatively large area for possible modificatiofghe microstructure. Three pano-
rama images were executed from test no. 3. Theg taden from (1) directly below the
surface alterations, (II) in the same depth thanfitst one but not below the surface
alterations, and (lIl) in a depth of approximatély mm below the raceway surface as
can be seen in Figure 2 a. The extension of sugshnarama region is visible by the
contamination after collection (Figure 2 c). Furthere, one panorama was executed
from the samples of test no. 1 and 2 each. All pgmas are shown in the supplemen-

tary material.

a
) surface alteration
sidewise preparation

=Tt 1

1 1

|

1 1

e — — — — = = =V areas for SEM
examination

cross-section

cut here

———m==k_y
¥
=

Figure 2: a) Schematic summary of the preparatiyrStereomicroscope image of a surface alteration
(green circle) from the bearing of test no. 3. Dihenge arrow indicates the direction of preparat@n
SEM image showing part of the surface alteratiaedg circle) as well as the contamination of a pano
rama below the alteration. The sample was tilteds®y and the contrast was adjusted while the image
acquisition to show both, the surface alteratiorwai as the prepared surface. Note that a greyeval

correction was applied to show the contaminatiomenatearly.

Scanning electron microscopy-electron backscaifénaction (SEM-EBSD) measure-
ments were carried out using a JEOL JSM7000F éeitssion gun SEM equipped with
the combined EDS/EBSD system Pegasus by Ametek-EDEBSD measurements
were performed at an acceleration voltage of 15akW a working distance of 15 mm.

Data evaluation of EBSD measurements was perfousad) OIM Analysis version 8.
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The maps shown in this work are quite comparablpréwious work done by Rumpf

[31] [32] and by Diederichs [33]. However, for attee understanding, the different
maps are briefly described below. For recordingsdary electron/backscattered elec-
tron (SE/BSE) images, a Zeiss GeminiSEM 300 fiehilssion gun SEM was used. Im-
ages were taken at an acceleration voltage of 18rid/a working distance of 5 - 7 mm
if not stated otherwise. Automated panoramas welieated in order to search large
areas at high magnification for alterations in thierostructure. The panorama software
SmartStitch (Zeiss), which is an add-on of the $8t&K software, was used. Due to
their sizes, only sections are shown here but septeng the overall picture (cf. the
supplementary material of the web version of thiscle for the complete, high-

resolution panoramas).

Image quality (IQ) maps based on EBSD data are fagetthe visualization of the mi-

crostructure. The 1Q maps visualize the qualityhef diffraction patterns at each indi-
vidual pixel. The contrast in these maps origindtesn several sources like phases,
strain, topography, and defects in the crystalcstme [34] as well as from the orienta-

tion.

Kernel average misorientation (KAM) maps show therage misorientation between a
point and selected neighbors (e.g., all neighborl00 nm distance) in the same grain.

KAM maps are used to visualize local lattice defation, e.g., due to dislocations [35].

Within a phase map, each point is colored accortbripe assigned “phase”. Since the
differences between lattice parameter a and coarsrnall to detect the tetragonality of
martensite, the body-centered cubic (bedje was chosen for indexing [36]. Further
distinction between the individual body-centeredhponents in steels is only possible

based on secondary parameters like IQ or KAM. Opiiases chosen for indexing pur-
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poses are face-centered cubic (fedje representing austenite and cementite represent-

ing (Fe,Cn)C.

Non martensite-martensite (NonMs-Ms) maps showethiogh-angle grain boundaries,
which cannot be explained by a martensitic phasestormation. In an undistorted mar-
tensitic microstructure, these usually are giverphgr austenite grains. However, they
also show newly formed grain boundaries, which maye formed during strain or re-
crystallization. For NonMs-Ms maps, a neighbor aberice index (Cl) correlation

clean up with CI>0.1 was applied to the data.

3. Results and discussion

3.1 Run until failure

The first test was performed until surface failooeurred, showing that the chosen test-
ing parameters together with a low reference a@lable to produce WEAs after suffi-
ciently long runtimes in repetition. The experimstipped automatically after about 72

h due to large spalling on the raceway surfaceufei@ a).

3.1.1 Surface characterization

A large spalled area is visible on the racewayamarfof the washer. A metallographic
cross-section close to the edge of the spallingpvegared perpendicular to the rolling

direction (Figure 3 a).



Figure 3: Sample sites of two bearings chosenHisr work. a) Bearing corresponding to test no. 2 b)
Bearing corresponding to test no. 3. The blackheddines show the areas where the samples were cut
and the orange arrows indicate the direction oparation. The location of the alteration on thesveay

of the bearing from test no. 3 is shown by the greiecle. This alteration was already shown in FégR

b and c.

3.1.2 Subsurface characterization

A crack with a length of about 200 um was foundhe subsurface, at a depth of ap-
proximately 100 um, using light optical microscofiyOM) (Figure 4). Nital etching
points out that this crack is accompanied by a EW&A (see arrows within Figure 4).
SEM BSE panoramas/images were taken and an EBSBumeeaent was performed in
a re-polished state to analyze the character ofrilceostructure alterations (Figure 4 b-
f). The BSE panorama clearly shows a crack togeth#dr a nano-crystalline region
surrounding it, whereas the rest of the matrix serbe unaffected and shows a typi-
cal AISI 52100 microstructure consisting of martensand spherical (Fe,GE car-
bides. The WEA is located mainly on one side of ¢reck (Figure 4 b, arrow). The
EBSD phase map shows that the matrix consists aggshindexed as bcc and carbides

whereas retained austenite is not present (Figue Hside the WEA there are a few
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ferrite grains showing a high image quality as veslllow KAM values indicating that
they are rather composed of ferrite than martenidibgvever, the main part of the WEA
is too fine-crystalline for EBSD analysis and cansently shown in black since it could
not be indexed. The KAM values next to the craadnsé¢o be slightly elevated (Figure
4 d, e). Furthermore, the NonMs-Ms map reveals tinatgrains inside the WEA are
newly formed (Figure 4 f), which is in good agreemeith the high 1Q and low KAM

values.
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Figure 4: LOM, BSE and EBSD images taken for a stfase characterization of the sample from the
bearing corresponding to test no. 2. a) LOM imaga hital-etched state showing a crack togethen wit
WEA. b) BSE panorama of the WEA in a re-polisheatestapproximately 100 um below the raceway
surface. Note that a grey-value correction wasiegpo the BSE panorama to show the WEA more
clearly. c) EBSD phase map. Black dots within thage map are points, which were excluded due to the
confidence index criterion (Cl<0.1). d) EBSD 1Q ma&) EBSD KAM map of martensite based on the

second neighbor. The step size is 50 nm. Blackiiksn the phase map are points, which were exclud
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ed due to the confidence index criterion (Cl<OfitNonMs-Ms map of the WEA. Note that a neighbor
Cl correlation clean up with CI>0.1 was appliedhe data. The pictures b-f only show a small saeabib
the whole WEA.

Figure 4 clearly shows that the chosen testingmaeters are able produce WEAs after
sufficiently long runtimes. Hence, possible microstural alterations from stopped

tests can be seen as possible precursors to WEfafan.

3.2 Interrupted tests

In order to identify earlier stages of WEA formatjdests with a low reference oil were
stopped after 15 hours. Additionally, tests witghhreference oils were carried out for

comparison.

3.2.1 Surface characterization of the low referasite

For the low reference oil visible alterations om tffaceway surface (note the feature
about 800 pum in length in Figure 2 b) are iderdifisy stereomicroscopy. A segment
around the altered surface was prepared perpeadituthe rolling direction as shown

for the bearing of test no. 3 (Figure 3 b).

3.2.2 Subsurface characterization of the low refeseil

The subsurface underneath the surface alteratiasschvaracterized by SEM panorama
images (SE and BSE) and EBSD measurements. Pleptyres were found below the
surface alterations however, not in those subsertsgments where the surface was
unaffected. Some interesting areas of higher megibn are shown in Figure 5 and

the upper half of Figure 6. Pores were found neitfiéhin the high reference samples
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(test run with the pure base oil (PAQ)) nor in enpke of the original material, respec-

tively.

1 EHT = 10.00 kV Mag= 10.00K X 300 nm EHT = 10.00 kV Mag= 2000KX
GFE F—— wo=66mm  SignaiA=inLens GFE (| WO=66mm  Signal A= lnLens

300 nm EHT=10.00kV  Mag= 20.00KX
WD = 6.5 mm Signal A=BSD4 A

EHT = 10.00 KV Mag = 10.00KX EFE

GFE |—| WD = 6.6mm Signal A=BSD4 &

Figure 5: SE and BSE images of pores in the safnpte the bearing corresponding to test no. 3 in a
depth of approximately 145 um below the surfaceration. Note that a grey-value correction was ap-
plied to the images to show the pores more cle&light alterations of the microstructure with some
possible newly formed grains can already be obseivehe vicinity of the pores (red circle). Therkla

area in the left SE image results from contamimadioe to focusing.
Obviously, the microstructure has changed in soeggons next to the pores. These
changes in the microstructure look like being nefelyned grains, in accordance to the

ones seen in fully developed WEAs as well. The Ne+lW& maps sometimes also show

the existence of newly formed grains. These graresalso visible in the corresponding
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IQ map (Figure 6). A comparison of SE and BSE insagith an EBSD measurement is

shown in Figure 6.
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Figure 6: Correlation of SE and BSE images with@rand a NonMs-Ms map derived from an EBSD
measurement on the sample from the bearing comegmp to test no. 3. The area of interest is approx
mately 130 um below the surface alteration. It lsarseen that there are some newly formed grairs wit
in the red circle. Note that a neighbor CI coriielatclean up with CI>0.1 was applied to the datattie
NonMs-Ms map. The step size of the EBSD measuremast25 nm. Note that the in-lens images were
acquired at 2 kV and a working distance of 2.5 mmhow the pores more clearly. A grey-value correc-
tion was applied to the SEM images to show the garere clearly. The dark area in the SE images re-

sults from contamination due to focusing.

A comparison of SE and BSE images with the cornedpy EBSD measurement

shows that there are newly formed grains in theniticof the pores. The pores in the

subsurface give a hint that this area was subjdotbyh localized energy impact. As a
matter of the high degree of localized energys lso possible that WEA and WEC are

a later consequence.

4. Conclusions

The results are showing that the processes leadid¢EC formation caused by the use
of a low reference oil show the formation of poresn early stage. All those tests lead
to WEC in progression. None of these processes wleserved in the case of a high
reference oil test run. We assume that the formatiathe pores is due to the effect of
surface alterations caused by the chemicals ustdilfow reference tests. The relation
between those chemicals, the visible surface albexe and the latter formation of

WEC has to be studied in more detail. We conclinde the pores, accompanied by a
change in the microstructure, facilitate the fororaiof WEC in a later stage due to the
fact that the loading and subsequent degradatitsigereasingly localized. Localiza-

tion of the loading in combination with a weakenioigthe material around the pores
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might be the cause of the formation of white etghaneas and the subsequent initiation

of cracks and crack networks.
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Highlights:

1. Early state initiation of white etching crack (WEC) formation
2. Changes of lubrication chemistry lead to a microstructure deterioration due to pores
3. Evidence of newly formed grains near the pores

4. Pores indicate areas of high localized energy impact



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




