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Abstract White etching cracks (WECs) have been iden-

tified as a dominant mode of premature failure within wind

turbine gearbox bearings. Though WECs have been

reported in the field for over a decade, the conditions

leading to WECs and the process by which this failure

culminates are both highly debated. In previously pub-

lished work, the generation of WECs on a benchtop scale

was linked to sliding at the surface of the test sample, and it

was also postulated that the generation of WECs was

dependent on the cumulative energy that had been applied

to the sample over the entirety of the test. In this paper, a

three-ring-on-roller benchtop test rig is used to systemati-

cally alter the cumulative energy that a sample experiences

through changes in normal load, sliding, and run-time, in

an attempt to correlate cumulative energy with the for-

mation of WECs. It was determined that, in the current test

setup, the presence of WECs can be predicted by this

energy criterion. The authors then used this information to

study the process by which WECs initiate. It was found

that, under the current testing conditions, the formation of a

dark etching microstructure precedes the formation of a

crack, and a crack precedes the formation of white etching

microstructure.

Keywords White etching cracks � Wind turbine gearbox

bearings � Microstructural alterations � Bearing failures

1 Introduction

Wind turbine gearboxes often exhibit unpredictable and

premature failures [1, 2]; these failures are the leading

cause of downtime in wind turbines and incur significant

maintenance costs on wind plant operators and original

equipment manufacturers [3, 4]. The majority of gearbox

failures initiate at bearings, and the dominant failure mode

in these bearings is axial cracking associated with local

microstructural alterations [4]. The formation of these

cracks can lead to failures in as little as 5–10 % of the

bearing’s design life [as defined by L10 based on classical

rolling contact fatigue (RCF)] [5–7]. Typically, these fail-

ures have been referred to as white etching cracks (WECs),

due the fact that the resulting altered microstructure,

referred to as white etching area (WEA), appears white

when etched with Nital. Additional terminology used to

describe this failure mode includes white structure flaking,

irregular white structure flaking, and brittle flaking [8].

Recent work has stated that the most progressed stage of

the microstructural alterations that are associated with

these cracks is that of nano-grain ferrite surrounded by

carbon at its grain boundaries [9]. It has also been observed

that other forms of microstructural alterations, which

appear dark when etched with Nital, likely precede the

formation of this white etching nano-grain ferrite [10–12].

WECs are traditionally characterized by the existence of

WEA; however, it is currently unknown wheather the

WEA contributes to the failure process in any way, or

whether it simply a symptom of a previously initiated

failure, e.g., a crack.

Within steel bearings, white etching alterations of any

kind fundamentally form due to large local energies which

aid in atomic diffusion or recrystallization. Examples of

this have been previously observed in classical rolling
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contact fatigue (RCF), scuffing, and micro-pitting. In clas-

sical RCF, it has been reported that bearings which were

operating at high temperature, or under high contact pres-

sure, would exhibit dark etching areas (DEA) localized at a

depth corresponding to the area of maximum shear stress

based on the contact pressure, followed by the formation of

white etching bands (WEBs) [13–16]. In scuffing, sliding

surfaces experience an instantaneous high frictional energy

event that leads to a catastrophic failure and the formation

of a white etching microstructure on the scuffed surface [17,

18]. This alteration is thought to be the result of an insta-

bility condition in which the frictional heat input localized

at the contact surface exceeds a critical material limit [17].

In micro-pitting, white etching alterations form near surface

under pits resulting from asperity contact, and it is postu-

lated that the high localized shear and normal stresses

associated with contact at the asperities leads to the for-

mation of these alterations [19]. The specific conditions that

lead to each one of these failures are distinctly different;

however, the formation of the white etching alterations that

are associated with each of these failure modes can be

linked to the exceeding of an energy threshold (instanta-

neous or cumulative) that allows for the alteration to form.

Within wind turbines, the conditions that lead to the

formation of the alterations associated with WECs are

highly debated and ultimately unknown. However, these

alterations could be due to any driver that leads to energy

being input into the system, and this includes but is not

limited to: applied strain due to normal loading or impact

loading associated with torque reversals [20], thermal heat

from high friction or sliding that occurs during transient

acceleration and decelerations [21], or electrical discharge

from stray currents stemming from the generator or other

components [8]. Additionally, the steel structure could be

compromised through embrittlement by externalities such

as atomic hydrogen. The sources of hydrogen or other

embrittling factors could be due to lubricant decomposition

[22], or water contamination [23–25]. In theory, embrit-

tlement of any source would reduce the energy threshold

required to form a microstructural alteration. However,

energy inputs, such as those discussed above, would still be

required in order to drive this process.

Accelerated benchtop tests capable of reproducing

WECs are necessary to study both the drivers that lead to

their formation, as well as methods that can be used to

prevent them. Numerous studies have recreated WECs by

charging test samples with hydrogen [13, 23–37], which, as

stated above, eases the formation of microstructural alter-

ations. However, embrittling samples before testing

imposes a condition that is not necessarily known to occur

in wind turbine gearboxes; therefore, recent work has

shifted toward WEC reproduction in non-charged samples.

WECs have been reproduced at a benchtop scale without

charging in three different types of test bearings: deep-

groove ball bearings [36, 38], cylindrical roller thrust

bearings [38, 39], and spherical roller bearings [40]. The

limitation with studying the formation of WECs within test

bearings is that the experimental conditions are constrained

by the bearing geometry and testing rig. For example, the

amount of slip that each one of the previously listed

bearing contacts sees is a geometric constraint and cannot

be altered; therefore, slip cannot be studied as an inde-

pendent WEC driver. Additionally, it is often difficult to

study drivers such as lubrication condition or loading, due

to oil and test rig constraints, respectively.

Recently, WECs have been replicated through the use of

a three-ring-on-roller benchtop test rig [10]. This marked

the first time that this failure mode had been reproduced

without hydrogen charging, in a testing rig that allows for a

high degree of controllability of operational conditions,

specifically slide-to-roll percentage. While the exact level

of sliding (or any other contact condition) experienced in a

wind turbine bearing is largely unknown, it is thought that

sliding does occur as a result of load zone reversals on the

bearing or changes in rotation speed. Therefore, a study of

influence that sliding and lubrication conditions have on

the formation of WECs was performed. It was found that

an increase in the sliding magnitude as well as changing the

sliding direction (positive vs negative sliding) aided in the

formation of WECs. High sliding (15 % slip) in the neg-

ative direction (the surface traction force opposed the

direction of surface motion) was the only condition of

those studied that leads to WEC generation. It was also

suggested that the formation of the microstructural alter-

ations associated with these cracks is dependent on the

cumulative energy applied to the sample over the runtime

of the test. The aim of the current work is to investigate the

initiation process of WECs and to determine whether a

correlation exists between the point of WEC initiation and

the cumulative energy applied to a sample within a rolling

sliding contact. For this study, the applied energy will be

controlled through variations in test parameters including

load, sliding ratio, and test duration.

2 Materials/Testing

All tests were performed on a PCS Instruments micro-

pitting rig (MPR), shown in Fig. 1. The MPR provides a

three-ring-on-roller splash lubricated line contact and

allows for testing at customizable user-specified condi-

tions. The MPR can be operated at slide-to-roll ratios

ranging from pure rolling to pure sliding, at loads ranging

from 0.5 to 3 GPa, and at lubricant temperatures in excess

of 100 �C. In addition to this, the authors have incorporated
a Julabo 1201 convective cooler with a customized control
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loop, which is used to maintain prescribed oil temperatures

when the contact conditions generate a large amount of

frictional heat, such as tests that require both high sliding

and high load.

The test specimen that is examined for WECs

throughout this paper is the 12-mm-diameter central roller,

shown in Fig. 2. This roller has a 1-mm-wide initial wear

track that comes in contact with each of the three 54-mm-

diameter rings. All of the experiments presented use AISI

52100 through hardened tempered martensitic steel for

both the rollers and rings. The supplier-provided specific

composition of this steel is shown in Table 1. The Rock-

well C hardness of the rollers and the rings was measured

as 60 and 63, respectively.

The lubricant used in this study is a group IV synthetic,

viscosity grade 68, fully formulated gear oil. The metallic

content of the oil was determined though inductively

coupled plasma mass spectrometry (ICP-MS), all detected

metals that returned quantities of [1 ppm are shown in

Table 2. This lubricant is similar to that which has been

used in previous WEC studies [10, 39].

An accelerometer was used to monitor the vibration

resulting from the roller/ring contact during the tests. Tests

were concluded when either a vibration level corresponding

to the formation of significant surface damage was detected

or the roller had experienced 100 million contact cycles.

After each test finished, the respective rollers were sec-

tioned circumferentially through the wear track, as shown in

Fig. 3, mounted in Bakelite, and polished to multiple

locations along the wear track using a sequence of 220 grit

grinding followed by 9-, 3-, and 1-lm diamond polishing

medium. At each section, the samples were etched with a

3 % Nital solution in order to examine the subsurface for

microstructural alterations. Additional analysis was per-

formed on a FEI Quanta 400F environmental scanning

electron microscope (SEM). The number of sectioning steps

performed was determined through the observation of

WECs; rollers which contained no observable WECs were

polished to a minimum of five locations at least 100 lm
apart, while rollers that contained a noticeable number of

WECs were examined at a fewer number of sections.

As stated earlier, the microstructural alterations that are

observed in wind turbine gearbox bearings must form due

to large local energy that promotes atomic diffusion or

recrystallization. Within wind turbines, this energy could

include but not be limited to: strain energy due to the

Hertzian stresses of over-rolling, energy due to impact

Fig. 1 PCS Instruments micro-pitting rig (MPR), which contains

(a) three-ring-on-roller contact, shown in b, used to simulate rolling/

sliding between a bearing roller and raceway. Permission obtained

from Springer and published in Tribology Letters via license number

3835481289370 [10]

Fig. 2 12-mm-diameter test roller used in the MPR, and it is placed

in the center of the three rings as shown in Fig. 1b. Permission

obtained from Springer and published in Tribology Letters via license

number 3835481289370 [10]
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loads associated with torque reversals [20], thermal heat

energy generated during transient events that lead to sliding

[21], and electrical discharge due to improper grounding

[1]. While all of these energy inputs could have an effect

on the generation of WECs, the aim of the current paper is

to attempt to find a correlation between the cumulative

frictional heat energy applied to a roller over the lifetime of

the test, and the presence of WECs in test rollers. If a

correlation is found, then it should be possible to predict

the formation of WECs, in the current experimental setup,

based on the cumulative applied frictional heat energy.

This would enable a study of the process by which these

failures initiate in bearing steel.

Neglecting any heat loss to the surroundings, accounting

for frictional heat generation at the three-ring-on-roller

contacts, and assuming half of the energy generated at each

contact is input into the ring and half is input into the roller,

the cumulative frictional heat energy that the roller expe-

riences over the entirety of the test is shown in Eq. 1. In

this equation, DV is the sliding speed (the difference

between the velocity of the ring and the velocity of the

roller at the contact), l is the average measured friction

coefficient, N is the normal load, and t is the total testing

time.

E ¼ 3

2
DVlNt ð1Þ

In order to investigate the hypothesis that, under the current

testing conditions, the cumulative energy applied to a

sample can be used to predict the formation of WECs, a

testing plan was developed that systematically varies the

cumulative frictional heat energy that test rollers experi-

ence through changes in run-time, normal load, and sliding

velocity. It should be reiterated that frictional heat energy

Table 1 Chemical composition (provided by supplier) of the AISI 52100 martensitic through hardened steel used in the MPR tests, and all

values are given in percentage weight

C Si Mn P S Cr Mo Ni Cu Sn Al V Ca

.9600 .2600 .4200 .0250 .0030 1.4700 .0340 .1200 .2000 .0170 .0100 .0060 .0001

Table 2 Metallic content of the gear oil used in all tests presented, as

detected by ICP-MS

Metal detected Quantity detected

Sodium (Na) [1000 ppm

Boron (B) 720 ppm

Zinc (Zn) 1970 ppm

Phosphorus (P) 1698 ppm

Calcium (Ca) 3811 ppm

Magnesium (Mg) 8 ppm

Potassium (K) 3 ppm

Fig. 3 Optical microscope images of the roller track for Test 1,

showing the pitted surface a before and b after sectioning in the

circumferential direction. The dotted red line represents the section

that was taken in order to investigate whether WECs were present in

the subsurface of the roller (Color figure online)
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is not the only energy input affecting the rollers during the

test; however, we believe that, under these current testing

conditions, this frictional heat energy input could be sig-

nificant enough to correlate with WEC formation. It should

also be kept in mind that correlation does not imply cau-

sation and that the main use of any correlation found is to

study the initiation of WECs. The parameters for all tests

conducted in this paper are shown in Table 3. Tests 1–4,

which were previously reported in [10], investigate chan-

ges in the cumulative frictional heat energy due to changes

in the slide-to-roll ratio (SRR) and therefore DV in Eq. 1.

The formula for calculating the SRR within the MPR can

be seen in Eq. 2. Tests 5–8 examine changes in the

cumulative frictional heat energy due to normal load (N),

and Tests 1, 9, and 10 investigate changes in the cumula-

tive frictional heat energy due to run-time (t). Tests 11 and

12 were both designed to study the onset of WECs based

on the runtime results determined in Tests 1–10. The cor-

relation used to determine the parameters of Tests 11–12

will be discussed in detail later.

SRRð%Þ ¼
2 � URing � URoller

� �

URing þ URoller

� �
� 100 ð2Þ

A measure of WECs per cross section is used in order to

compare the twelve tests in this paper. This term refers to

the number of independent WECs that were tallied for a

given sample, averaged over the number of cross sections

examined for that sample. An example of this measure is as

follows: If a roller is sectioned circumferentially and pol-

ished to three different axial locations throughout the wear

track, and 30, 33, and 35 independent WECs were found,

then the value of WECs per cross section would be

(30 ? 33 ? 35)/3 = 32.67. It should be noted that it is

possible for two WECs which are seemingly independent

at one cross section to intersect at a different axial position

that was not examined; therefore, the term ‘‘independent

WECs’’ does not necessarily mean total WECs. Addition-

ally, the measure of WECs per cross section is used to

simply represent the observation of how widespread the

WECs are for a given sample. Because the aim of this

study is to establish a criterion for initiation of WECs, it

should be emphasized that the presence of WECs is much

more important than the number of WECs.

3 Results

Of the twelve tests performed, six generated WECs (Tests

1, 6, 7, 8, 10, and 12) and six did not (Tests 2, 3, 4, 5, 9, and

11). The tests that generated WECs also corresponded to

the six highest values of cumulative frictional heat energy,

and this data are shown in Table 3. Characteristic images

of the WECs that were generated in Tests 1, 6, 7, 8, 10, and

12 are shown in Fig. 4.

Figure 5a is a chart that shows the number of WECs

generated versus the cumulative frictional heat energy for

Tests 1–4. In Tests 1–4, the sliding magnitude and direc-

tion were varied through changes in the SRR, and these

tests corresponded to SRRs of -30, 30, -5, and 5 %,

respectively. It is shown that Test 1, which was run at

-30 %SRR, had the largest cumulative applied frictional

heat energy and was the only test of these four that gen-

erated WECs. This high cumulative frictional heat energy

was due to the combination of a high sliding velocity when

compared to Tests 3 and 4, and a longer run-time when

compared to Test 2.

Table 3 Testing parameters for the 12 tests conducted, as well as the number of contact cycles the roller experienced, whether WECs were

found in the roller, and the cumulative frictional heat energy

Test

#

Load

(N)

Contact

stress (GPa)

Rolling

speed (m/s)

SRR

(%)

Composite

roughness Ra (nm)

Temp

(�C)
k Contact

cycles (106)

Were WECs

found?

Cumulative frictional

energy (MJ)

1 500 1.9 1 -30 553 100 .06 38.2 Yes 8.04

2 500 1.9 1 ?30 651 100 .06 18.2 No 3.32

3 500 1.9 1 -5 660 100 .06 100 No 3.52

4 500 1.9 1 ?5 608 100 .06 34.5 No 1.03

5 40 0.5 3.4 -30 633 100 .18 100 No 2.89

6 135 1.0 3.4 -30 494 100 .20 100 Yes 7.93

7 300 1.5 3.4 -30 488 100 .18 100 Yes 13.14

8 500 1.9 3.4 -30 497 100 .17 42.0 Yes 9.70

9 500 1.9 1 -30 618 100 .05 20 No 4.63

10 500 1.9 1 -30 655 100 .05 30 Yes 6.26

11 500 1.9 2 -15 502 100 .12 21.8 No 2.14

12 300 1.5 3.4 -30 504 100 .17 85 Yes 8.60
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Figure 5b corresponds to Tests 5–8 where the contact

stress was systematically varied from 0.5 to 1.9 GPa

through changes in load. This chart shows that the three

tests with the highest cumulative frictional heat energy

generated WECs, and these tests corresponded contact

stresses of 1.0, 1.5, and 1.9 GPa. It is worth noting that the

rate of frictional heat energy application increases linearly

with load; however, the cumulative frictional heat energy

does not. Test 7 (1.5 GPa) had a larger cumulative fric-

tional heat energy than that of Test 8 (1.9 GPa), even

though Test 8 had higher rate of frictional heat energy

application. This was due to the fact that the contact con-

ditions of Test 8 led to the formation of a macro-pit at 42.0

million cycles, while Test 7 reached the run out limit of

100 million cycles. This increase in run-time was seem-

ingly caused by a decrease in the rate of crack propagation

due to the decreased load; the validity of this statement will

be investigated in detail later.

Figure 5c corresponds to Tests 1, 9, and 10, where only

the test run-time was varied. After it was observed that Test

1 generated WECs, Tests 9 and 10 were intentionally run

under the same contact conditions, but stopped prior to the

predicted failure point. Test 1 formed a macro-pit at 38.2

million cycles; therefore, Tests 9 and 10 were stopped at 20

and 30 million cycles, respectively. It was found that Test 9

did not generate WECs; however, Test 10 did. The findings

of these tests, pertaining to the process by which WECs

initiate, will be discussed in detail later.

Finally, Fig. 5d contains all of the data from the previ-

ous three studies corresponding to Tests 1–10. This

chart shows that, under these testing conditions, the

cumulative frictional heat energy can be used to predict the

presence of WECs within a test roller. Specifically, WECs

will form when the cumulative frictional heat energy

exceeds a threshold of somewhere between 4.6 and 6.3 MJ.

After the correlation between cumulative frictional heat

energy and WEC generation was determined, Test 11 was

designed in order to study how changing the test condi-

tions, but leaving the rate of energy application the same,

leads to different failure modes. Test 12 was designed in

order to differentiate between the drivers of WEC initiation

and WEC propagation. These tests are not included in the

above figures; however, they are discussed in detail below.

4 Discussion

4.1 Initiation Versus Propagation

The formation of a WEC-induced macro-pit can be

described in two stages, WEC initiation and WEC propa-

gation. WEC initiation refers to the process by which a

crack with associated WEA forms within a sample; in this

study, this refers to the time period from the start of a test

to the first instance where a crack with adjacent WEA

exists. WEC propagation refers to the process by which this

pre-existing crack propagates to a macro-pit. It should be

acknowledged that these two stages could (and likely do)

have independent drivers. These drivers can be examined

by comparing Test 7 and Test 12. Test 7 was run at a load

corresponding to 1.5 GPa contact pressure; this test had the

largest cumulative frictional heat energy of any test in this

paper. However, it is argued that the reason for this large

cumulative energy was that the WECs that formed in the

subsurface of this sample propagated much slower when

compared to tests that were ran at 1.9 GPa. Therefore, Test

Fig. 4 Optical images of etched circumferential cross sections showing cracks generated in a Test 8 and b Test 9, and these images are

characteristic of the WECs that formed in Tests 1, 6, 7, 8, 10, and 12
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7 had a larger amount of time to accrue cumulative energy

when compared to the tests ran at higher load.

The authors hypothesize that all of the WECs that were

generated in this paper initiated at around the same

cumulative frictional heat energy regardless of the testing

conditions studied (sliding, load, and duration), and also

that normal drivers of crack propagation, such as load,

determined how long it took for these crack to propagate to

failures. Test 12 was designed to prove this theory; Test 12

is an exact repeat of the contact conditions in Test 7;

however, instead of allowing this test to reach the run out

limit of 100 million cycles, Test 12 was stopped early so

that the cumulative frictional heat energy was much closer

to the proposed WEC initiation point. A comparison of

Test 7 and Test 12 is shown in Fig. 6. This chart shows that

the observed number of WECs per cross section did not

decrease between these two tests. This finding suggests that

the WECs that were observed in Test 7 initiated at around

the same cumulative energy as all other tests. This finding

confirmed the hypothesis that WEC initiation is based on

reaching a cumulative energy threshold, while normal

crack propagation drivers, such as normal load, determine

the time from WEC initiation to a catastrophic macro-pit-

ting failure.

bFig. 5 Cumulative frictional heat energy applied to rollers vs the

measure of WECs per cross section for a the sliding study, b the load

study, c the run-time study, and d all of Tests 1–10. The # in charts a–
c denotes the test number

Fig. 6 Cumulative frictional heat energy versus the measure of

WECs per cross section with Tests 7 and 12 denoted, Test 7 an exact

repeat of the contact conditions in Test 12; however, Test 7 was

intentionally stopped early in order to examine the initiation process

of WECs
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4.2 Dependence of WECs on Rate of Energy

Application

It should also be considered that the formation of WECs

could be dependent on not only the cumulative energy

applied, but also the rate at which energy is applied. If

Tests 1 and 8 are compared, some general claims as to the

validity of this hypothesis can be made. The contact con-

ditions of these two tests are similar; however, the rolling

speed of Test 8 was 3.4 m/s (103 rotations per second), and

the rolling speed of Test 1 was 1 m/s (27.2 rotations per

second); therefore, Test 8 had *3.4 times the rate of

energy application. These two tests are specially denoted in

Fig. 7, and this figure shows that Test 8 had a slightly

higher cumulative frictional heat energy. It is postulated

that this is due to the fact that the higher rolling speed of

Test 8 would also cause a larger film thickness, as well as a

higher heat loss to the surrounding oil. Consequently, the

authors postulate that, over the energy application rates

studies, there is no dependence of WEC initiation on rate of

energy application, and that if heat loss to the surrounding

environment were taken into account, the cumulative

frictional heat energy of Tests 1 and 8 would be almost

identical.

4.3 Suppression of Failure Mechanisms Other Than

WECs

Since the formation of WECs can be correlated to cumu-

lative frictional heat energy input into a sample, and

therefore total test run-time, the suppression of other failure

modes that would lead to an early automatic shutdown is

critical if WECs are to form. Tests 2, 4, and 11 can be used

to illustrate this point; these tests are specifically denoted in

Fig. 8. Tests 2 and 4 failed due to surface-initiated macro-

pitting; it was previously speculated that this was due to the

hydraulic pressurization of oil within surface cracks caused

by the positive SRR conditions [10]. Test 11 was designed

to have an identical rate of frictional heat energy input as

Test 1, and the SRR was halved and the rolling speed was

doubled; therefore, the sliding speed is identical between

the two tests. It was expected that Test 11 would form

WECs after the same amount of time as Test 1 (due to its

identical rate of frictional heat energy application). How-

ever, it was found that Test 11 failed significantly earlier

than Test 1 due to the formation of a large amount of

micro-pitting, and a comparison of the surfaces of the roller

from Test 1 and Test 11 is shown in Fig. 9. Because of

their respective early failures due to mechanisms other than

WECs, Tests 2, 4, and 11 terminated before they reached

the cumulative energy required to form WECs.

4.4 Interpretation of the Energy Criterion

It should be recognized that the magnitude of the energy

threshold is likely to be specific to the testing configuration

and conditions presented here. Testing in other lubricants

or in other test rigs will likely cause variance in this

measure. Also, it should be kept in mind that all of the tests

discussed in this paper were performed in a lubricant that is

often used to study WEC generation, and that a correlation

between WEC generation and cumulative applied frictional

heat energy does not imply that the cause of WECs in

frictional heat energy. As stated above, the formation of

Fig. 7 Cumulative frictional heat energy vs the measure of WECs

per cross section with Tests 1 and 8 denoted, and these tests were ran

under the same contact conditions; however, the rolling speed of Test

8 was 3.49 that of Test 1, and these tests can be compared to study

the influence of the rate of energy application on WEC generation

Fig. 8 Cumulative frictional heat energy versus the measure of

WECs per cross section with Tests 2, 4, and 11 denoted. These three

tests failed due to mechanisms other than WECs, Tests 2 and 4 failed

due to non-WEC-induced macro-pitting, and Test 11 failed due to

micro-pitting
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microstructural alterations or WEAs could be due to any

energy source. It is possible that all of the parameters

studied here (sliding speed, normal load, and test duration)

could aid in WEC generation due to sources other than

frictional heat.

4.5 Stages of Microstructural Alterations

The ability to accurately predict the formation of WECs

provides a unique opportunity to study the process by

which these cracks initiate in bearing steel. Test 10 cor-

responds to the test that was closest to the proposed initi-

ation point based on the cumulative frictional heat energy

criteria. Therefore, in theory, this test should contain WECs

that are in their most infantile stage of formation.

Throughout the examination of the roller from Test 10,

various distinct regions of microstructural alteration and

cracking were observed. We interpret these regions to

represent discrete stages throughout the sequence of WEC

initiation. The first stage consisted of localized dark etch-

ing areas (DEAs) without the presence of a crack; exam-

ples of this are shown in Fig. 10. We presume that the

formation of these DEAs is a precursor to the formation of

WECs, which agrees with the findings of others [10–12].

The second observed stage consisted of small, subsurface

cracks which are associated with local DEAs, without the

presence of WEAs; examples of these cracks are shown in

Fig. 11. The third observed stage consists of a crack that

has local areas of both dark and white etching; an example

of this is shown in Fig. 12. The final observed stage was a

fully developed WEC with a large amount of microstruc-

tural alteration, as shown in Fig. 13. It should be noted that

these four stages were observed in separate locations under

the wear track of the roller and therefore were not part of

the same crack network.

4.6 Proposed Method of WEC Initiation

Based on the previously discussed optical and SEM

observations, as well as the finding that the presence of

WECs can be correlated with the cumulative energy

applied to a sample, the authors will propose a multistage

initiation of WECs based on carbon migration due to high

local energy and shear stress. The crystalline structure of

tempered martensite (the starting microstructure for the

samples used in this study) is body-centered tetrahedral

(BCT), and it takes this form due to the fact that a maxi-

mum of four carbon atoms become trapped in the lattice

during quenching, as illustrated in Fig. 14a. The presence

of these carbon atoms in the lattice causes the distortion of

the structure to a highly stressed BCT, as opposed to the

body-centered cubic (BCC) lattice of ferrite. Within the

BCT lattice, lattice lengths A and B are equal and less then

C. It is proposed that local inhomogeneities in the steel

(carbides, inclusions, voids, etc.) act as concentration

points for strain energy, resulting in plasticity, an increase

in the dislocation density, and subsequent localized heat-

ing. This localized heating, in combination with the applied

frictional heat from the contact, causes carbon atoms to

progressively diffuse out of the martensite lattice, where

they are accommodated at grain boundaries. As these

atoms diffuse from local heat-affected lattices, length C,

and therefore, the distortion of the BCT lattice decreases

[41]. If this process affects multiple lattices in a local area,

then this could lead to strain relaxation as a result of the

carbon diffusion. If this strain relaxation affects a large

Fig. 9 A comparison of the wear tracks of the test rollers at the conclusion of a Test 1 and b Test 11. These tests had the same sliding velocity

but different SRRs and rolling velocity. Test 1 generated WECs; however, Test 11 failed due to micro-pitting
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enough area, then an optically observable region containing

a carbon-depleted BCT structure surrounded by a carbon-

rich boundary would form. If this region was etched, the

etchant would pool at the boundary between these struc-

tures and the surrounding unrelaxed martensitic matrix and

would cause this region to appear as local DEA, such as

those that were observed in Fig. 10. Considering that the

source of the energy driving this transformation is thought

to be both friction heat at the contact and heating due to

deformation localized near inhomogeneities, the location

of this region relative to the contact surface would likely be

at a point where these two sources of energy converge to be

at a maximum. Therefore, we would expect these alter-

ations to be localized between the contact surface (where

friction heat is maximum) and the depth of maximum shear

stress (where the heat due to deformation is maximum).

This process of carbon diffusion and relaxation has

some parallels with, and can be thought of similarly to,

local non-isothermal tempering. Traditional non-isothermal

tempering occurs when a sample is rapidly heated to a

tempering temperature and then subsequently cooled,

without holding at the aforementioned tempering temper-

ature [42]. Non-isothermal tempering is normally associ-

ated with manufacturing processes such as welding;

however, it is conceivable that a process similar to this

could occur when the surface of a steel roller enters and

leaves a high-energy contact such as the ones presented

here. The process of non-isothermal tempering is known to

lead to high dislocation densities as well as cause the

precipitation of carbides [42], similarly to that which has

previously been observed in WEC formation [11, 43].

One could imagine that, as energy is continually applied

to a region that has been locally altered, and more and more

dislocations form, these dislocations could culminate to

form a crack through this region of DEA, such as the cracks

shown in Fig. 11. The presence of this crack in the steel

Fig. 10 a An optical microscope image and b an SEM micrograph showing the DEA without the presence of a crack (stage 1) observed in Test

10

Fig. 11 a An optical microscope image and b an SEM micrograph showing cracks through regions of DEA without adjacent WEA (stage 2)

observed in Test 10

 26 Page 10 of 14 Tribol Lett  (2016) 62:26 

123



Fig. 12 a An optical microscope image and b an SEM micrograph showing a crack with a small amount of WEA, DEA, and local carbide

deformation (stage 3) observed in Test 10

Fig. 13 a An optical microscope image and b and c two SEM micrographs showing a WEC (stage 4) observed in Test 10
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would cause significant energy concentration in the areas

adjacent to it, which in turn would aid in the formation of

additional dislocations. As the density of dislocation

increases, they will rearrange in order to form the lowest

energy state possible. This will cause grain refinement due

to the formation of new cells surrounded by dislocations.

This suggests that grain refinement is a gradual process and

explains the mixed regions of DEA and WEA that have

previously been observed [10]. As carbon continues to

diffuse from the BCT lattice, the distortion of the lattice

decreases, and therefore, the side length C becomes closer

and closer to the lengths of sides A and B, as illustrated in

Fig. 14b. It is conceivable that if enough energy is applied

to these local regions around the crack, then enough of the

carbon atoms that constitute the BCT lattice of martensite

could be removed leaving a structure that would appear to

be nano-grained supersaturated ferrite surrounded by car-

bon at its grain boundaries, such as that previously

observed in [9]. In this context, the term supersaturated

refers to a meta-stable microstructure which contains a

higher level of carbon than that of the stable concentration

of 0.02 %

This proposed method for WEC initiation is based

strictly from optical and SEM observations. Further anal-

ysis is needed in order to verify this theory. Work should be

done in order to determine the crystalline structure of each

of the four distinct stages of WEC initiation discussed

above. If this proposed method of WEC initiation is cor-

rect, then we would expect to see differences in the dis-

tortion of the lattice length C depending upon what stage of

WEC initiation is investigated.

The manifestation of WECs has long been a topic of

debate. As discussed earlier, it is currently unknown

whether the formation of WEA precedes cracks, or whether

crack must precede the WEA. The observations shown

above provide evidence that the crack precedes the WEA;

however, under the current testing conditions, it would

seem that the formation of initial microstructural alter-

ations characterized as DEA is a prerequisite to the for-

mation of the crack. Therefore, if the previously proposed

method is valid, the same driver, i.e., energy, leads to the

formation of the DEA, the crack, and the WEA in that

order.

5 Conclusions

The work presented here is, to the author’s knowledge, the

first attempt to correlate the formation of WECs to the

cumulative energy that a sample has experienced. The final

conclusions that can be drawn from the current test con-

figuration and results are as follows:

1. A benchtop testing methodology has been developed

that can accurately predict the onset of WEC initiation.

2. A correlation was found between the presence of

WECs and the cumulative frictional heat energy a

sample experienced.

3. The cumulative frictional heat energy associated with

WEC initiation seems to be similar regardless of

changes in normal load, sliding speed, or run-time.

Normal crack propagation drivers such as contact

stress seem to determine the amount of time between

the initiation of the WEC and the formation of a

macro-pit.

4. WECs in their initiation stage were observed in a test

that was intentionally stopped early. Within this

sample, four distinct stages of crack development

were observed: 1) local DEAs without the presence of

a crack, 2) cracking through DEA without the presence

of WEA, 3) cracks containing local small amount of

mixed WEA and DEA, and 4) fully developed WECs.

These observations prompted the authors to propose a

hypothesis of WEC initiation based on progressive

carbon migration out of the martensitic lattice aided by

high local energies.

5. Under the conditions presented here, it would appear

as though DEA precedes the formation of a crack, and

that a crack is required to form the WEA associated

with WECs.
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