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1 INTRODUCTION

Bearings are a critical component of aerospace gas turbine engines. A catastrophic bearing failure
can lead to a loss of aircraft and loss of life. This is a major safety concern for single engine aircraft
in which the mainshaft bearings are operating at high speed, load and temperature conditions. For
rolling contact fatigue life calculations, a bearing is considered failed at the initiation of a fatigue
spall. A very small amount (few milligrams) of material is removed from the bearing at spall
initiation. If the bearing is allowed to continue to operate after spall initiation, the spall propagates,
typically along the rolling direction, growing in size. A material with slow spall propagation rate is
desirable as this increases the probability that the bearing failure can be detected before
catastrophic failure. If a material has a high spall propagation rate, there is increased probability of
catastrophic bearing failure, likely resulting in an engine in-flight shutdown and possible loss of
aircraft. Some of the factors believed to influence spall propagation rate in bearings include
material and heat treatment, operating conditions of load, speed, temperature, and lubricant, and
accumulated subsurface damage caused by cyclic rolling contact stressing during bearing
operation.

Rosado et al. [1], Mason et al. [2], and Trivedi et al. [3] have experimentally studied the spall
propagation characteristics of relevant aerospace bearing materials. Additionally, microstructural
and analytical studies of these materials have also been reported by Forster et al. [4], Arakere et al.
[5], Branch et al. [6], Bhattacharya et al. [7], Pandkar et al. [8] and Kirsch et al. [9]. The present
study builds from these investigations and focuses on spall propagation characteristics of bearings
that have undergone long-term cyclic rolling contact stressing in a controlled laboratory
environment. In applications, bearings may undergo billions of stress cycles before being removed
from service due to failure by fatigue spall or other reasons (corrosion, lack of lubrication, pitting
from contamination, reaching design life, etc.). During operation, the bearing material may undergo
alteration in microstructure and residual stress. Alteration in microstructure of bearing steels from
rolling contact is well documented in the literature, mostly on AISI 52100 steel (Swahn et al. [10],
Voskamp [11, 12], Arakere [13]). These studies, together with those highlighted above, show that
material transformation is a function of the number of stress cycles, operating temperature and load.
It is widely believed that material transformation occurs due to the decay of austenite and
martensite, the redistribution and generation of residual stresses, and change in hardness. These
changes occur in a small material volume in the region of maximum shear and/or maximum von
Mises stress below the surface. The analysis of this region for residual stress, retained austenite and
micro-hardness have shown three stages of microstructural changes during rolling contact. These
three stages involve: 1. Shakedown: initial micro-plastic flow and work hardening, 2. Steady state:
micro- plastic flow, formation of dark etching regions (DER), white etching regions (WER) and
white etching bands (WEB), and 3. Instability: buildup of residual stress, decrease in yield stress,
and white etching crack (WEC) formation, with resultant increase in probability of fatigue
spallation. The time required to go through these three stages can be significantly different based on
alloying elements and heat treatment. Kirsch et al. [9] has shown that under accelerated test
conditions, the density of white etching areas (WEA) in P675 bearing alloy was significantly lower
compared to M50 and M50NIL. It is believed that the lower amount of material decay observed in
P675 was likely attributed to its high alloy content and heat treatment resulting in a large number of
suspensions and superior Lio fatigue life.

The primary objective of this study was to determine the effects of accumulated stress cycles on
spall propagation time of through hardened AISI M50 and case carburized P675 bearing steels.
Based on studies conducted on AISI 52100 noted above [10-12], the hypothesis was that bearings
1
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with a higher number of accumulated stress cycles would have more subsurface material decay,
hence shorter spall propagation life. The secondary objective was to study the difference in spall
propagation time between bearings with natural fatigue spalls and spalls initiated from seeded
faults, i.e., Rockwell C indentations on similarly life-tested bearings with the same number of
accumulated stress cycles.

2
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2 EXPERIMENTAL

2.1 Test Bearing Materials

The bearings evaluated in this study were 208-size angular contact bearings (40 mm bore)
manufactured to ABEC 5 aerospace quality standards with outer land guided cages and split inner
rings. The bearings were manufactured to a custom internal geometry per Table 1. The inner and
outer rings were made from either VIM-VAR AISI M50 (AMS6491E) or VIM-VAR Pyrowear 675
(AMS5930A) steels. The M50 bearings were triple tempered at 540 °C and run in both an all-metal
configuration with M50 rolling elements and in a hybrid configuration with silicon nitride ceramic
rolling elements. P675, tested only in the hybrid configuration with silicon nitride rolling elements,
was evaluated in both a low temperature temper (LTT) and a high temperature temper (HTT)
condition. Both versions were double tempered at either 316 °C or 496 °C, respectively. The two
heat treatment conditions of P675 are identified as P675 (LTT) and P675 (HTT).

All bearings were life tested at a constant thrust load of 22.25 kN resulting in a maximum Hertzian
stress of 3.5 GPa for hybrid bearings and a maximum Hertzian stress of 3.1 GPa for all-metal
bearings. The outer race temperature for all tests was held at 128 °C. The life testing procedure and
results are described in detail in Reference 14. The life-tested bearings that were selected for spall
propagation are listed in Tables 2 through 5. Life-tested bearings were all tested in pairs. When one
bearing failed by fatigue spall, the other bearing was treated as a suspension. This resulted in pairs
of bearings with identical run times/number of stress cycles and subjected to identical test
conditions. For failed bearings, the naturally occurring fatigue spall was used as the starting point
for spall propagation investigations. Conversely, suspended bearings were indented with seeded
faults using Rockwell C indentations and subsequently run to initiate a fatigue spall prior to spall
propagation. The spall initiation procedure for suspended bearings is described in detail in the
following section. The spall propagation times for life-tested bearings were compared to new
bearings. The “new bearing” spall propagation data used for comparison was extracted from
References 3 and 14. Residual stress and limited retained austenite measurements were made as a
function of depth in the hoop direction on the inner races using X-ray diffraction (XRD) in the ball
track on selected life-tested bearings and compared to similar data obtained on as manufactured
bearings. One life-tested inner race for each material pair was examined for microstructural
changes. The life-tested inner races were cross sectioned along and across the rolling direction in
order to examine the microstructure.

Table 1. Bearing Material and Geometry

Raceway material and AISI VIM-VAR M50, Pyrowear 675
Ball material Grade 10 AISI VIM-VAR M50, ABMA Grade
5 Toshiba TSN-03NH silicon nitride (Si3N4) balls
Cage material Silver plated AISI 4340
Ball diameter, mm (in) 12.7 (0.5)
Number of balls 11
Pitch diameter, mm (in) 60.25 (2.37)
Bore diameter, mm (in) 40 (1.57)

Initial contact angle, deg 22

3
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Table 2. List of Life Tested M50-M50 Bearings used for Spall Propagation

MS50-M50
Bearing # | Stress Cycles | Note
(10%)/Life (hr.)

357-A | 6912.58/1804.9 | Suspended
358 6912.58/1804.9 Spall
381 2933.51/765.9 | Suspended
382 2933.51/765.9 Spall
379 1039.39/271.4 Spall
380 1039.39/271.4 | Suspended
359 3261.47/851.6 Spall

360-A 3261.47/851.6 | Suspended

357-B | 5605.66/1463.6 | Suspended

360-B | 5605.66/1463.6 Spall

Table 3. List of Life Tested M50-SisN4 Bearings used for Spall Propagation

M350 - SizN4
Bearing# | Stress Cycles | Note
(10%)/Life (hr.)
383 3779.10/986.7 Spall
384 3779.10/986.7 | Suspended
385 2121.17/553.8 | Suspended
386 2121.17/553.8 Spall
388 1150.72/300.5 Spall
399 665.58/173.8 | Suspended
400 665.58/173.8 Spall
401 727.81/190 Suspended
402 727.81/190 Spall
443 5418.03/1414.6 | Suspended
444 5418.03 Spall
4
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Table 4. List of Life Tested P675 (LTT)-SisN4 Bearings used for Spall Propagation

P675 (LTT)
Bearing # | Stress Cycles Note
(10%)/Life (hr.)
452 3206.44/837.2 | Suspended
453 23719.46/6193.1 | Suspended
454 23719.46/6193.1 | Suspended
458 23611.95/6165 | Suspended
460 4370.18/1141 | Suspended
461 15623.64/4079.3 Spall
462 15623.64/4079.3 | Suspended
467 1844.15/481.5 | Suspended
469 12580.90/3284.8 | Suspended
470 12580.90/3284.8 | Suspended

Table 5. List of Life Tested P675 (HTT) - SisN4 Bearings used for Spall Propagation

P675 (HTT)
Bearing # | Stress Cycles Note
(10%)/ Life (hr.)
583 19300.90/5039.4 | Suspended
584 19300.90/5039.4 | Suspended
586 19206.30/5014.7 | Suspended
591 18845.13/4920.4 Spall
592 18845.13/4920.1 | Suspended
593 19154.60/5001.2 | Suspended

2.2 Test Rig and Procedure

The test rig used for spall initiation and propagation is shown in Figure 1. The test rig is designed
to test 208-size (40 mm bore diameter) angular contact ball bearings. Each test head contains two
208-size test bearings mounted on a shaft separated by a spacer. For spall propagation on new
bearings, a slave bearing was used in the back position. The position of life-tested bearings was
either front or back during spall propagation tests to match the same position as used during life
testing to maintain thrust load direction. The test shaft was rotated at 10,000 rpm by a 2.2 kW
variable speed electric motor through a flexible coupling. The bearings were thrust loaded with the
use of an adjustable hydraulic cylinder. No external radial load was applied. The bearings were
lubricated with HTS turbine engine oil conforming to MIL-PRF-23699F supplied at a constant
flow rate of 950 ml/min via two oil jets (one per bearing) using a recirculating lubrication system.
The oil inlet temperature was maintained at 99 °C using oil tank heaters. The measured oil
scavenge temperature was approximately 121 °C. The bearing test head was heated with electric
resistance band heaters set to maintain the bearing outer race temperature at 128 °C. Additional
details of the test rig are discussed in References 1 through 3 and 14.

5
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Figure 1. Bearing fatigue and spall propagation test rig schematic
Fatigue spalls were initiated through Rockwell C indents applied to suspended bearings.
Hardness indents were placed on the bearing inner raceway surface to accelerate the spall
initiation process. Rockwell C hardness indents are widely used to simulate bearing rolling
contact fatigue life with contaminated oil and spall propagation performance tests [15-18].
Indents were placed manually using a Rockwell C indenter at a 150 kg load on a line oriented
approximately 45 degrees across the ball track. Spall initiation tests from Rockwell C indents
were conducted at a maximum Hertzian stress of 2.65 GPa (385 ksi) with an accelerometer
vibration level set to 1 g. This level of vibration normally produced a fatigue spall similar to
those that naturally resulted from fatigue life testing. A typical spall resulting from fatigue life
testing and one initiated from Rockwell C indentations are shown in Figure 2. Spall propagation
experiments were conducted under the same operating conditions as spall initiation, except the
thrust load was lowered, resulting in a maximum Hertzian stress of 2.41 GPa (350 ksi). The mass
loss resulting from spall progression was recorded using an in-line oil debris monitor (ODM)
described in more detail in Refs. 1 through 3. The propagation test was stopped when the
reported mass loss reached 1,000 mg. The bearing inner raceway was weighed and
photographed at each stage of the test, after hardness indentations, spall initiation, and spall
propagation.
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(b) Fatigue spall initiated from Rockwell C indentations

Figure 2. Spalls on bearing inner raceways
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3 RESULTS AND DISCUSSION

The residual hoop stress as a function of depth for new and life tested bearing inner raceways is
shown in Figure 3. All the materials have high surface residual stress resulting from final
manufacturing processes. P675 is a case-carburized steel with a high compressive residual stress
profile (~200 to 400 MPa) within the case (typical case depth is 1,000 to 1,250 micron) resulting
from the carburizing process. All the life-tested material pairs analyzed for residual stress
measurement were suspensions. The residual stress in the contact zone of life-tested bearings
was increased significantly due to micro-plastic deformation/work hardening at a highly
localized scale in subsurface volume (area of maximum shear stresses), resulting from repeated
stress cycles. These results are similar to those observed in AISI 52100 by Voskamp [11-12].
Although the run times were different for the three hybrid materials, M50: 2,351 hours (9,004 x
10° stress cycles), P675 (LTT): 6,165 hours (23,612 x 10° stress cycles) and P675 (HTT): 5,001
hours (19,154 x 10° stress cycles), the maximum compressive residual stresses were similar
(~700 MPa). However, the increase in compressive residual stress from the initial value was
highest in M50 bearings. This suggest higher plastic micro-deformation in the M50 bearings, a
result supported by the lower measured hardness of M50 relative to P675 [14]. Additionally,
Klecka et al. [19] measured an approximate 8% decrease in compressive yield strength for thru-
hardened M50 versus the P675 case material, increasing the likelihood of micro-plasticity for
the same applied stress. This is further supported by WEBs developed in M50 bearings as
shown in Figure 4. The volume of WEBs was much higher in the hybrid M50 bearing observed
after shorter run time (9,004 x 10° stress cycles) compared to an all-metal M50 bearing (19,204
x 10° stress cycles). The increase in compressive residual stress and amount of WEB for all-
metal M50 bearing were lower after 5,014 hours of testing due to lower maximum Hertzian
stress of 3.1 GPa for the same applied thrust load. Swahn et al. [10] proposed that a carbon
diffusion mechanism is responsible for formation of WEB. The density of WEB in hybrid M50
bearings is higher due to higher applied stress. The WEB was not observed in P675. The case
carburized P675 has very high compressive residual stresses (~200 to 300 MPa), which lowers
the Von Mises equivalent stress compared to M50 for the same applied Hertzian stress. It has
been shown that for MSONiL with a compressive residual stress of 400 MPa, the Von Mises
stress is reduced by 24% compared to M50 [20]. The reduction in Von Mises stress was found
to be beneficial in reducing microstructural damage. The plastic micro-deformation in both
P675 (LTT) and P675 (HTT) bearings was less compared to M50 bearings indicated by a
smaller increase in compressive residual stress in P675. Only DER were observed in P675
bearings as shown in Figure 5. The formation DER has been identified as austenite/martensite
decay [11]. There was a significant amount of retained austenite (RA) decay with P675 after
5,000 hours (19,000 x 10° stress cycles) as shown in Figure 6. The initial RA in VIM-VAR M50
was below 1% and the change in RA is believed to be very small, beyond the detection limit of
XRD (Figure 6).
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Figure 3. Comparison of residual stress between new and life tested bearing inner
raceways
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Figure 4. WEB developed on life tested M50 bearings
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Figure 6. Comparison of retained austenite between new and stress cycles bearing
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The spalls on suspended life-tested bearings were initiated using Rockwell C indentations. A

majority of life-tested bearings for both tempers of P675 were suspensions with only one inner
race failure by spallation (Tables 4 and 5). Conversely, approximately half of the M50 bearings
failed by fatigue spall on the inner race regardless of rolling element material (Tables 2 and 3).

Figures 7 through 10 show the spall propagation trend plots for new and life-tested all-metal
M350, hybrid M50, hybrid P675 (LTT) and hybrid P675 (HTT) as measured by the ODM. The
tests were stopped when the mass loss reached 1,000 mg. The results were then calibrated using
actual mass loss obtained by weighing the inner race. It is evident from the spall growth trend
curves that both new and life-tested bearing materials typically exhibit an initial low-rate spall
growth region followed by rapid critical growth or a “knee” in the curve. This mechanism is
inherent to rolling contact fatigue spall growth and has been observed by Rosado et al. [1] and
Mason et al. [2]. The spall propagation time to reach 100-mg actual mass loss was selected as the
cut-off for all comparisons based on prior experience with 208-size bearings. It captures the spall
propagation transition zone (from slow growth/incubation and propagation to accelerated
propagation beyond the “knee” in the curve). The spall propagation times for 100 mg mass loss
for new and life-tested bearings were analyzed using Analysis of Variance (ANOVA). Figure 11
shows comparisons of spall propagation time to 100 mg mass loss between new and life-tested
bearings. Results for life-tested hybrid bearings is also summarized in Figure 12. In general, the
mean spall propagation time to reach 100 mg mass loss for life-tested hybrid bearings (i.e.,
measure of spall propagation resistance) was: P675 (HTT) > P675 (LTT) > M50, with the most
notable difference observed between P675 HTT and MS50. There was no significant difference in
spall propagation time between new and life-tested all-metal M50 bearings. However, there was
a significant reduction in spall propagation time for life-tested hybrid M50 and hybrid P675
(LTT) bearings. Rosado et al. [1] reported similar observation for hybrid M50 bearings.
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Figure 7. Spall propagation curves for new and life tested M50-M50 bearings

11
DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.



350

M50 - Si3N4 Initiation Stress: 2.65 GPa (385 Ksi)
—— New Propagation Stress: 2.41 GPa (350 Ksi)
— — —  Life Tested Outer Race Temperature: 127 °C (260 °F)

——————— Life Tested - Spalled

w

o

o
1

- N N
2] (=] o
o o o
1 1 1

Actual Mass Loss (mg)
o
(=]

(3]
o
1

D102517A
ues/hkt
1 T 1

g i

Q 1“0 DcQQ 600 ‘bQQI\QQQIOvQQ\NQQ\600\%00100“1:10“rL&QQrLGQQ@%QQerQQg@“Qg&003600

Propagation Time (minutes)

Figure 8. Spall propagation curves for new and life tested M50-SisN, bearings
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Figure 9. Spall propagation curves for new and life tested P675 (LTT)-SisN4 bearings
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Figure 10. Spall propagation curves for new and life tested P675 (HTT)-SisN4 bearings
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Figure 12. Comparison of spall propagation time (100 mg mass loss) between life-tested
hybrid M50, P675 (LTT) and P675 (HTT) bearings

One possible key controlling factor for crack propagation is fracture toughness. It is likely the
fracture toughness was reduced in the endurance tested bearings due to the transformation of
retained austenite to martensite prior to spall propagation testing. The phenomenon of improved
fracture toughness and enhanced RCF performance with the inclusion of retained austenite has
been presented in literature and was reviewed recently by Sidoroff et al. [21] This loss in RA was
especially prominent in the P675 (LTT) bearings, where the RA was reduced from an initial
value of ~14% to ~6% after endurance testing (Figure 6). Since very little RA was present
initially in M50, the loss of RA after endurance testing does not explain the difference in spall
propagation times from the new condition. However, as noted earlier, a high density of material
degradation in the form of DER and WEBs was observed in the hybrid M50 bearings after
endurance testing. This transformation of material has been associated with a reduction in
hardness. Specifically, Forster et al. [4] reported reduction in hardness (softening of material) in
WEB region for a hybrid M50 bearing with 4,267 hours (16,343 x 10° stress cycles) of run time.
It is believed that this reduction in hardness due to the formation of WEBs played a significant
role in the loss of spall propagation performance.

Surprisingly, the life-tested hybrid P675 (HTT) bearings showed superior spall propagation times
compared to new hybrid P675 (HTT) bearings. As discussed previously, significant compressive
residual stresses were developed in the endurance tested bearings due to micro-plasticity within
the contact. Since a high compressive residual stress has been shown by Trivedi et al. [3] to
provide a substantial benefit in spall propagation resistance, it can be reasoned that this increased
compressive stress after endurance testing should be beneficial. Since no WEBs were observed
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in either P675 conditions, the controlling factors for spall propagation in this material appear to
be a balance between the compressive stress field and the amount of remaining retained austenite
present. Clearly, more testing and study is required to explain the disparity in spall propagation
times between life-tested hybrid P675 (LTT) and P675 (HTT).

There was no significant difference in the ratio of reported to actual mass loss between new
bearings and life-tested bearings as shown in Figure 13. Trivedi et al. [3] has shown that both
bearing material and heat treatment have significant effects on the particle size generated during
spall propagation. Both case carburized P675 tempers with silicon nitride rolling elements
generated a larger number of smaller size particles compared to M50, in either the all-metal or
hybrid configuration at 1,000 mg of reported mass loss. This is believed to be a result of the
higher compressive residual stress in the case of the carburized materials. This higher
compressive stress field acts to arrest the subsurface crack growth, as discussed earlier, and
results in a shallower spall thereby producing smaller spall particles. Spall debris collected from
various materials shows that the particles are generally flattened platelets. When calculating the
mass loss from a given bearing, the ODM software assumes all particles to be spheres with
diameters equal to some dimension of the passing particle. As the particle size increases so does
the overestimation of mass loss since the volume contained within an equivalent diameter sphere
grows relative to the flat discs. This was reflected in the resulting spall length as shown in Figure
14. ANOVA of spall lengths showed that the mean spall length for P675 was longer than M50
with a statistical significance. However, there was no significant difference in spall length
between new and life-tested bearings. Trivedi et al. [3] showed that case carburized and nitrided
material with silicon nitride rolling elements generated a larger number of smaller particles to
reach 1,000 mg reported mass loss, resulting in longer spall lengths. This indicates that material
decay from accumulated stress cycles has no effect on the size of particles and spall length.

D040519
E New ues/hkt
[N Life Tested

Ratio of Mass Loss (Predicted/Actual)

I
T

% [HHHHE41
M50 - M50 M50 - SigNg PE75(LTT)-SisNg  P675(HTT)-SizNg

Figure 13. Comparison of mass loss ratio between new and life tested bearings
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Figure 14. Comparison of spall length between new and life tested bearings

Swahn [10] and Voskamp [11] reported that in AISI 52100, the amount of material decay in the
form of material transformation (DER, WEC), change in residual stress, and transformation of
retained austenite increased with the number of stress cycles. Based on these two studies one can
assume that bearings with longer run times will have a higher amount of material transformation,
resulting in shorter spall propagation time. However, there was no direct quantitative correlation
observed between accumulated run time and spall propagation time for M50 and P675 as shown
in Figures 15 through 18. Additional testing and data would be needed to further study stress
cycle-based material transformation trends in M50 and P675 and any associated effects on spall
propagation rate.
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The secondary objective was to study the difference in spall propagation time between natural
fatigue spalls and spalls initiated from seeded Rockwell C indentations for life-tested bearings
with a similar number of stress cycles. Based on the ANOVA results obtained with all-metal
M350 and hybrid M50, there was no significant difference in spall propagation time observed for
100 mg mass loss between spalls propagated from Rockwell indents and spalls propagated from
natural fatigue spalls. A box and whisker plot of mean spall propagation time to reach 100 mg
mass loss for M50-M50 and M50-Si3N4 is shown in Figures 19 and 20, respectively. Only one
spall propagation test was conducted from a natural fatigue spall on the inner raceway with both
P675 (LTT) and P675 (HTT). Therefore, there was insufficient data to draw any conclusions on
the effect of natural spalls versus spalls initiated from Rockwell C indents for these two
materials.
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Figure 19. Comparison of spall propagation times for 100 mg mass loss between new
and life tested M50-M50 bearings
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4 CONCLUSIONS

The spall propagation characteristics of life-tested M50, Pyrowear 675 (LTT) and Pyrowear 675
(HTT) bearing steels was investigated and compared to “new bearing” data from a previous
study. The results of this study are summarized below:

1. Subsurface material decay in the form of microstructural changes (WER/DER/WEA) and
increased compressive residual stress was observed in all three life-tested materials. The
amount of decay was much higher with through-hardened M50 compared to case carburized
P675.

2. P675 materials generally exhibited longer spall propagation time over M50, with P675
(HTT) exhibiting a notable difference over M50.

3. No significant difference in spall propagation time was found between new and life-tested
M350 all-metal bearings.

4. The accumulated stress cycles have a significant effect on spall propagation time (100 mg
mass loss) for hybrid M50 and hybrid P675 (LTT) bearings. Life-tested hybrid M50 and
P675 (LTT) bearings showed statistically significant lower spall propagation time compared
to new bearings.

5. Life-tested hybrid P675 (HTT) bearings showed statistically longer spall propagation time
compared to new hybrid P675 (HTT) bearings.

6. Based on M50 bearing test results, no difference in spall propagation time was observed
between bearings with spalls initiated from seeded Rockwell C indents and those initiated
from natural fatigue spalls.

7. Subsurface material microstructural decay/transformation caused by cyclic rolling contact
stressing had a significant effect on spall propagation time.

8. No direct quantitative correlation was found however, between the accumulated run time or
number of stress cycles and spall propagation time for life-tested bearings.
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

ACRONYM DESCRIPTION

ABMA American Bearing Manufacturers Association
AFB Air Force Base
AFRL Air Force Research Laboratory
AISI American Iron and Steel Institute
AMS Aerospace Materials Specification
ANOVA Analysis of Variance
DER Dark Etching Region
HTS High Thermal Stability
HTT High Temperature Temper
LTT Low Temperature Temper
ODM Oil Debris Monitor
RA Retained Austenite
RCF Rolling Contact Fatigue
VAR Vacuum Arc Remelting
VIM Vacuum Induction Melting
WEA White Etching Area
WEB White Etching Band
WEC White Etching Crack
XRD X-ray Defraction
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