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Micropitting has become a major
concern in certain classes of indus-
trial gear applications, especially
wind power and other relatively
highly loaded, somewhat slow-speed
applications, where carburized gears
are used to facilitate maximum load
capacity in a compact package. While
by itself the appearance of micropit-
ting (Fig. 1) does not generally cause
much perturbation in the overall oper-
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ation of a gear system, the ultimate
consequences of a micropitting failure
can, and frequently are, much more
catastrophic.

Micropitting is most often asso-
ciated with parallel axis gears (spur
and helical), but the authors have also
found this type of distress when evalu-
ating damage to carburized, hardened
and hard-finished spiral bevel gears.

This paper presents a discussion of

the initiation, propagation and ulti-
mate tooth fracture failure mecha-
nism associated with a micropitting
failure. The subject is presented
by way of a discussion of detailed,
destructive metallurgical evaluations
of several micropitting failures that
the authors have analyzed on both
parallel axis and bevel gears.

Introduction

Although most frequently associ-
ated with lower speed gear systems,
micropitting can also be observed in
high and very high-speed gear systems
as well, though the failure sequence can
be somewhat different at the high-speed
end of the spectrum.

Unfortunately, the micropitting phe-
nomenon—including the underlying
causes and analysis methods directed
at prevention in the design stage—is
not fully understood. Indeed, even the
condition to which the term should be
applied is subject to some discussion
and disagreement. We do not propose,

herein, to address the greater subjects
of classification, analytical evaluation
and terminology in a “Standard” sense.
Rather, this paper presents a discussion
of the initiation, propagation and ulti-
mate tooth fracture failure mechanism
associated with a micropitting failure.
While micropitting is most often
associated with parallel axis gears
(spur and helical), the authors have
also found this type of distress when
evaluating damage to carburized,
hardened and hard-finished spiral
bevel gears. Micropitting observed
on both parallel axis and bevel gears
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Figure 1—Typical micropitted region.
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will be addressed in this presentation.
Although no specific failure “case”
is presented, information has been
extracted and condensed from several
individual actual tooth fracture fail-
ure investigations conducted by the
authors so that a better understanding
of the specific conditions that lead to
micropitting—and the actual progres-
sion from micropitting to fracture—can
be better understood.

Before we can discuss the occur-
rence and propagation of micropitting
(also known as “grey staining”), we
will have to understand what it is and
how it differs from classic fatigue pit-
ting. Micropitting has become a seri-
ous problem in high-quality, usually
ground or otherwise hard-finished,
carburized industrial gearing—espe-
cially in critical applications such as
wind turbine, conveyor and some low-
er-speed aerospace gearboxes. While
the problem is more often observed in
parallel axis gears, it is also observed
in bevel gears where the contact condi-
tions are “right.”

Macropitting
Until fairly recently, surface dura-

bility of gears has been defined by
macroscopic pitting, or macropitting, in
which a crack initiates at a subsurface
location where the shear stress exceeds
the shear allowable (Fig. 2A). When
such a crack propagates to the tooth
surface, a small piece or, more often,
several small pieces of material (Fig.
2C) are liberated, leaving an inverted,
cove-shaped defect (Fig. 2B).

As this process is repeated, more
and more pits appear and eventually
the tooth surface is heavily damaged
(Fig. 3). Eventually, and if the loads
are high enough, the pitting- damaged
region of the tooth acts as a signifi-
cant stress concentration, and bending
fatigue failure of the tooth may occur
through the pitted region (Fig. 3B).

Micropitting

More recently (the last 10-15
years) a microscopic pitting phenom-
enon—generally referred to as micro-
pitting—has become a very problem-
atic failure mode in certain applica-
tions. Typically, where high loading
is present at lower speeds under low
or marginal film thickness conditions,
micropitting becomes a significant risk.

It is important to note, however, that
although it usually appears in a some-
what different presentation, micropit-
ting is also a factor in the operation of
higher-speed gears as well. In the lat-
ter instance, micropitting is frequently
present as a “hard line’ that leads fairly
quickly to the formation of large spalls
that may lead rather rapidly to tooth
fracture failures; as such, the original
micropitting “evidence” is often lost
in the failure. Extremely careful metal-
lurgical evaluation of the fractures can,
however, often pinpoint the micropit-
ting “connection” (Figs. 14C and 15).
The cause of micropitting remains
elusive. Initially, it was thought that the
cleanliness of the steel might be play-
ing a significant role, but micropitting
exists even where very clean steels are
used. It appears at local surface irregu-
larities, including tooling witness lines
(Fig. 4) and general-surface roughness
peaks. It has been demonstrated that
micropitting capacity can be improved
through the use of improved finishing
techniques, especially “super finishing”
processes that reduce the surface finish
down well below 10 RMS. The use of
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Figure 2—Classic macropitting fatigue.

Figure 3—Heavy pitting often leads to local tooth fracture.
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some extreme pressure (EP) additive
oils to avoid scoring type failures has
also been shown, at least anecdotally,
to increase the incidence of micropit-
ting, at least with some formulations.
The Lubricant Connection

While some testing has been
accomplished to investigate the rela-
tion between micropitting and specific
lubricant additive package combina-
tions, it is still not well understood.
Figure 5 shows, for example, the
results of one set of FZG tests that
compared the efficacy of a biodegrad-
able, straight mineral with an ester-
based fluid in the occurrence of micro-
pitting.

The amount of micropitting dam-
age that occurred during these con-
trolled tests shows that the lubricant in
use—under identical, controlled test
conditions—can significantly affect
the rate of micropitting formation. Just
as interesting, however, is the finding
that micropitting occurred with both
lubricants, though at differing rates.
New oils have been developed specifi-
cally aimed at providing improvements
in the lubricated contact that will fore-
stall the occurrence and reduce the pro-
gression of micropitting on gear teeth.
These new lubricants have been suc-
cessfully applied and have proven to
be good solutions in specific applica-
tions. Our purpose here, however, is
to understand the specific nature of the
micropitting failure mode so that we
can postulate ways in which the basic
design of the gears can be modified to
reduce the probability of micropitting
occurring.

Designing Against Micropitting

The hill-and-valley effect of the
surface topography produced by the
specific finishing method used is a bit
easier to understand, at least qualita-
tively. And since no specific, analyti-
cal technique has yet been developed
to predict micropitting in general,
designing against it remains challeng-
ing. The best course of action appears
to lie in recognizing the general cir-
cumstances that lead to micropitting,
and then applying known enhance-
ments to reduce the probability of

its occurrence. These enhancements
include treatments of the gear itself
(finer surface finishes and some coat-
ings), reducing sliding velocity along
the tooth profile, reducing the friction
coefficient and using specially devel-

oped anti-micropitting oils.

Effect of Micropitting

on Operation
The simple existence of micropit-
ting of and by itself is, however, not
generally an operational problem for
most gear systems. The progression
of micropitting to a more catastroph-

ic form, however, can and often does
cause a cessation of function of the
entire gear system. It is this progres-
sion that is the real cause for concern
and the phenomena that we will deal
with here.

Figure 6 shows a helical gear tooth
that exhibits a fine micropitting pat-
tern in the flank region. This very fine
damage—which is very difficult to see
without special lighting effects—would
appear to be of little consequence.
After its progression, however, the ulti-
mate result of this micropitting is the
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Figure 5—Effect of lubricant selection on micropitting performance.

Figure 6—Helical gear tooth exhibiting fine micropitting patterns (red arrows in
flank.
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Figure 10—Cracks emanating from small spalls in micropitted region.
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tooth fractures shown in Figure 7.

Certainly, the very minor dam-
age shown in Figure 6 would not, at
first review, seem serious enough to
cause the very extensive, service-end-
ing damage shown in Figure 7. After
reviewing a number of gears from
similar systems at various stages of
progression, the authors were able to
develop a history that clearly shows
minor, initial damage leading to a cata-
strophic result.

Figure 8 shows two views of the
same general region of micropitting
on a helical gear tooth. The regions
shown are magnified views of one of
the micropitted regions denoted by
the red arrows in Figure 6. This gear,
which initially appeared quite similar
to the one shown in Figure 6, eventu-
ally experienced many service-ending
tooth fracture failures such as those
shown in Figure 7. In order to examine
the mechanism by which the seemingly
mild micropitting distress progressed
to a complete tooth fracture, we will
examine this failure in detail. (Authors’
note: The figures used to illustrate this
discussion were taken from several
related, individual failure investiga-
tions conducted by the authors; thus,
each figure does not necessarily show
the same gear. Each figure was select-
ed from the large number of images
accumulated during the course of these
investigations so as to best illustrate
the point under discussion.)

The Micropitting Mechanism

A visual examination of each tooth
fracture surface displayed several
zones of bending fatigue initiation and
propagation. Fatigue was indicated by
the many semi-circular beach marks,
which are plainly visible. Bending
fatigue initiated subsurface from the
pitting/spalling and propagated up
and over the tip from the drive side
to the coast side of the tooth, result-
ing in removal of portions of the tooth
tip. Fatigue characteristics are revealed
in Figure 8—an enlarged view of the
fatigue and rough surface topography
shown in Figure 7.

As the micropitting progressed, it
began to initiate small fan- or triangu-
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Figure 12—Micropitting at the tip of a gear tooth due to inadequate profile modification.

lar-shaped spalls that are not readily
apparent through visual examination
(Fig. 9A), but are visible with some
additional magnification (Fig. 9B).

As the spalls continue to initiate
and grow, they propagate by a crack
mechanism shown in Figure 10.
While these cracks are small, over
time they progress and result in larger
spalls occurring on the tooth surface.
Continued propagation of these cracks
into the body of the tooth (Fig. 11) led
to the tooth fracture failures necessitat-
ing the gear’s removal from service.

Micropitting also very often occurs
when the amount of involute modifica-
tion provided at the tips and flanks of a
mating pair of gear teeth is inadequate
to compensate for the deflections that
occur under load. In this case, a very
fine line of micropitting occurs on the
tips of the teeth on one member and on
the flanks of the mating member, very
close to the lowest point of contact
on the tooth. The appearance of this
type of micropitting, shown on the tip
of one tooth in Figure 12, is slightly
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Figure 13—lInitiation of a spall in a line of micropitting (the “hard line”).

different from that typically observed
on the tooth flanks in general, but the
basic failure mechanism is quite simi-
lar.

A similar line of micropitting will
be observed on the flank of the mat-
ing gear. This latter damage is often
referred to as a “hard line.” The pres-
ence of the hard line in the lower
dedendum portion of the tooth—where
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the bending stresses are quite high—
poses a particular danger of tooth frac-
ture. The mechanism by which this
occurs is shown in Figure 13.

The spalls progress from the hard
line (Fig. 13A) via cracks that initiate
at or near the surface in the micropit-
ted region, then extending into the gear

tooth body, until a piece breaks away
continued
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from the tooth surface. This crack
.Wwﬁzﬂ.ﬂmimmn mechanism is shown schematically
(Fig. 13B) and in sequence (Fig. 13A.)
The Profile Modification
Connection

As noted, micropitting is often
thought of as being related solely to
sliding = lower-speed operation. This is not true.

Spalling Fatigue Sequence

" _m But the mechanism of the micropitting-

A= AHIGHON ' induced failure takes on a somewhat
Figure 14—Micropitting-induced spall progression leading to a tooth bending . ]

fatigue fracture failure. different appearance. For higher-speed

gears—especially those which experi-
ence significant tooth deflections—if
the profile modifications (i.e., tip and/
or flank modifications) are not suf-
ficient to prevent hard contact near
the extremes of contact (at the tip
and flank of the tooth in the profile
direction), the micropitting often first
appears in the form of the very narrow
hard line shown in Figure 12. Because
this region is in an area of already very
high tooth bending stresses—which are
themselves already exacerbated by the
very high tooth loading on the tooth
profile due to the deflection- induced
tip contact—yvery large spalls can occur
very quickly, without the spread of
micropitting, over even a large portion
of the tooth profile.

The real danger in this mechanism
is the fact that it occurs in an area of
high bending stress. It is thus very
likely that one of the spall cracks will
progress through the tooth body, caus-
ing a tooth bending fatigue failure (Fig.
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Qe As -3 -. 7 tests ..
u]uﬂtltmhed = are rather small, and initiate at or near
it g the surface. As these cracks progress,
E T they result in rather large spalls—
= a0l becoming apparent on the gear tooth
= surface (Fig. 14C)—since the cracks
10 are initiating at the surface and pro-
S+ gressing into the body of the tooth in

a relatively short time. One or more

of the cracks will progress through the
= . 1.l) "‘CI {-0 1::'0 "éﬁ tooth body (Fig. 14B).
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the tooth body, partial tooth fractures

Source: "Surface fatigue lives of case-carburized gears with an improved surface finish”

Krantz , T L, Alanou, M P. Evang, H P and Snidle, R W, > 1 1
Trans ASKE, Journal of Tribology Vol 123, pp T00-148, 2001, (Fig. 15) will result. But unlike Fhe
fractures that occur due to extensive

pitting damage, spall-induced fractures

Figure 16—Results of micropitting fatigue testing on ground and superfinished  are likely to quickly occur after even a
gears. small amount of spalling has occurred.
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The large spalls shown in Figure
14C all initiate very low on the tooth
profile in a region well below the
region of single tooth contact (in the
transverse plane) where the tooth loads
should be very close to zero. The high
loading in this region at the tips of the
teeth is due to inadequate tooth pro-
file modification, thus rendering the
load at engagement and disengagement
to be very high. Because of the large
spalls, such micropitting-induced fail-
ure modes are much more serious than
those in which micropitting gradually
destroys the tooth profile. This is due
to the relatively quick progression of
cracking into the tooth body and the
larger partial—and often total—tooth
fractures that ensue.

Sliding Velocity, Friction and
Finish

Despite the absence of a clear
explanation for micropitting phenom-
ena, it is clear that there are several
major factors that contribute to the
occurrence (or non-occurrence) of this
failure mode. The literature provides
indirect evidence that, in addition to
basic loading and elastohydrodynamic
film conditions, sliding velocity, fric-
tion coefficient and tooth surface finish
(which is certainly interrelated with
both friction and sliding as well as the
film thickness) are all major factors.

For example, testing conducted by
Krantz, et al., found that the micro-
pitting fatigue life of carburized and
ground gears was improved quite mea-
surably by superfinishing the gears
after grinding. A sampling of the data
from that work (Fig. 16) clearly shows
this effect for the gears tested. The test-
ing was accomplished with gears that
were otherwise identical, thus the life
improvement shown can be attributed
to the application of the superfinishing
process.

Conclusion

As we have seen from this discus-
sion, the anatomy of a micropitting-
induced tooth fracture failure is a
somewhat complex event that may take
many forms. The authors hope that this
short discussion of the general nature
of this process helps designers to bet-

ter understand this mechanism, thus
permitting them to successfully design
against its occurrence in real-world
applications. £}
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