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Abstract

Multi-megawatt wind turbine gearboxes operate under demanding environmental conditions including
considerable variation in temperature, wind speed, and air quality. Itis notuncommon for gearboxes rated for
amaintenance free 20-year lifespan to fail after only a few years. These gearboxes experience several types
of repairable damage including micropitting or “gray staining”, abrasive wear, foreign object debris (FOD)
damage, surface corrosion and fretting corrosion. Wear is greatest on the input stage, especially on the sun
pinion gear. Historically, grinding is utilized to refurbish these damaged gears. However, there are numerous
drawbacks including but not limited to high capital investment and the extraordinary amount of time and skill
involved in the grinding process. Moreover, nitrided gears cannot be ground and must be scrapped.
However, chemically accelerated vibratory finishing, or isotropic superfinishing (ISF), represents a value
adding, low-cost option for refurbishing both case carburized and nitrided gears. Isotropic superfinishing
removes light to moderate gear flank surface damage. The result is a surface with a non-directional pattern
with a roughness of approximately 0.08 mm or less. Moreover, evidence suggests that isotropic
superfinishing imparts a finish that increases gear durability and service life in the field. A case study onasun
pinion gear is presented.
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Introduction

Typical multiple megawatt (MW) gearboxes, 1.5
MW and higher, are designed to operate for 20
years without requiring major maintenance to the
drive train. However, many owners are
experiencing gearbox failures after only a few years
of service. Gearbox repairs may cost $360,000
(USD) or more for a complete replacement by 2009
estimates [1]. Gears fail for several reasons. Wind
turbine gears operate under extreme environmental
conditions including highly variable temperature,
wind speeds and air quality. These conditions
cause variable high loading and torque. During peri-
ods of low or no wind, the loading on slowly moving
or stationary gears is exacerbated. Moreover,
moisture can contaminate the lubricant and
condense on the gear surfaces forming sludge,
corrosion and micropitting. Finally, dust and other
foreign debris in the air can contaminate the lubric-
ant during maintenance leading to abrasive wear.
Fortunately condition monitoring systems allow
gearbox problems to be discovered before serious
gear damage occurs [2, 3].

Background

Wind turbine gears experience several types of re-
pairable damage including micropitting or “gray
staining”, abrasive wear, foreign object damage
(FOD), surface corrosion and fretting corrosion. An
example of each is depicted in Figure 1[4, 5]. There
are three main approaches to repairing gear dam-
age: refurbishment by regrinding, refurbishment by
surface finishing or replacement with a new gear.
The refurbishment process is a combination of re-
clamation and reconditioning of a used gear or bear-
ing [6]. New gearing is expensive which makes sur-
face finishing and regrinding the preferred low cost
alternatives. Regrinding is necessary when lead
and profile corrections are required on the working
surfaces of the gear teeth [7].

Figure 1a. Micropitting or gray staining on
gear flanks
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Figure 1b. Heavy abrasive wear on gear flank
and a SEM image of trail left by an abrading
particle [4]

Figure 1c. Foreign object debris (FOD)
damage



.:"‘ -

. . '{:/—Etch pits
Figure 1d. Corrosion looking down on top
land [4]

Figure le. Fretting corrosion [4]

The Isotropic Superfinish or ISF® Process, hence-
forward referred to as superfinishing, is an
alternative time and cost efficient method of gear re-
furbishment. The process utilizes conventional
vibratory finishing equipment and high density,
nonabrasive finishing media to produce isotropic
surface finishes with a final surface roughness (R,)
below 0.10 um.

The superfinishing process is easily understood by
referring to Figure 2. At the start of the superfinish-
ing process shown in Step 1 of Figure 2, the original
metal surface reacts a first time with the active
chemistry, forming the first conversion coating
(Step 2) [8]. The vibratory machine and
nonabrasive media produce an effective rubbing
motion on the surface of the gear (Step 3). This
exposes the peak asperities of the metal surfaces to
a second reaction (Step 4), re-forming the complete
conversion coating. The process of conversion
coating re-formation and removal (Step 5) is
continued through many successive cycles thus
planarizing the original rough machined or

damaged surface. The final required surface finish
governs the total number of cycles. This planarizing
process is continued until the gears are smoothed to
the required surface finish quality. Once the
required surface finish quality is achieved, the
active chemistry from the smoothing stage of the
superfinishing process is drained away, and a neut-
ral, burnishing soap is introduced into the vibratory
machine. The burnish removes all remaining con-
version coating (Step 6) from the surface of the
gear, producing a mirror-like appearance, while
imparting a mild rust preventive to the surface. The
gear is ready for unloading and the superfinishing
process is complete. Figure 3 shows a comparison
of a ground gear surface versus a superfinished
gear surface.

1.0riginal Surface

2.Conversion coating formation.

3. Conversion coating removal by media

4. Conversion coating re-forms.

5.Process continues generating a flat surface.

6.Burnish removes conversion coating producing a bright finish

Figure 2. Superfinishing process

The initial selection of the proper media shape, size,
and mixture is a significant part of the art to success-
fully superfinishing gears. Media is specifically
chosen based on the following criteria:

Root diameter

Diametral pitch

Gear size

Gear mass

Alloy
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Figure 3. Ground surface (top) versus an
Isotropic Superfinish surface (bottom)

Once the media is chosen, the superfinishing

pr

ocess repeatedly finishes gears identically. The

media is nonabrasive, and therefore has a very low
attrition rate. The size, shape, and density of the
media remain stable over thousands of hours of
vibratory machine operation.

The superfinishing process possesses severalideal
features.

1.

Superfinishing removes metal uniformly from
every tooth of the gear with the ability to control
total stock removal down to below 2.50 pm.

There is no discoloration or temper burn, a risk
that is associated with grinding.

Superfinishing does not destroy residual
compressive stress surface layers [9]. Residual
compressive stress is imparted on the surface
during case hardening. Compressive stress
slows the rate of surface wear and inhibits
corrosion [10]. Hence, the superfinished gear
exhibits a superior surface versus used gears
that are refurbished by grinding.

The process works on nitrided as well as case
carburized surfaces.

The superfinishing process is an ideal technique
for improving the inspection of refurbished

Maximum removal amount is per customer specifications.

gears. There is sufficient material removal to re-
veal subsurface damage from micropitting,
scuffing and corrosion that may be masked by
the texture of the used surface. Grinding and
in-service wear may cause a “smearing” of the
metal on the gear surface resulting in
subsurface damage not only being invisible to
the naked eye, but also potentially going un-
detected by other inspection methods [11]. For
example, Figure 4 depicts a cracked gear tooth
that was delivered by a customer and deemed
suitable for refurbishment. Only after
superfinishing did the crack become visible.
Consequently, this gear was scrapped and the
potential catastrophic failure of the gearbox was
avoided. In general, superfinishing can.

Figure 4. Crack on a used gear near the
addendum of the tooth was revealed only
after superfinishing

6. Superfinishing can also remove light (<25 um

depth) to moderate (<130 um depth) damage
from the gear tooth surface while maintaining
geometric tolerances. Figure 5 shows images
of the graphite tape lift method that is used to
measure and record the amount of micropitting
on a gear flank [12]. The deepest micropitting
damage is approximately 150 um (see arrows).
In this instance, it is apparent that some
micropitting remains after superfinishing. The
removal of all damage may have compromised
the geometry of the gear. However, the peak
asperities or “stress raisers” were removed and
the existing micropitting will, in all likelihood, not
progress to pitting and eventual spalling [13].
Recently, gearbox manufacturers indicated
between 150-250 um can be safely removed
without compromising the gear geometry.1
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Figure 5. Graphite tape lifts from damaged gear surface before (top) and after (bottom)
superfinishing refurbishment

Gear refurbishment via superfinishing was
evaluated for bending fatigue, contact fatigue, and
scoring resistance tests on military helicopter gears
by the Gear Research Institute (GRI) [14, 15].
Importantly, GRI results suggest that “in all three
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Measuring conditions

tests, the repaired gears met or exceeded the
performance of the new gears”. Figure 6 depicts
profilometer traces of (a) new ground gear, (b) used
gear prior to refurbishment and (c) used gear after
refurbishment via superfinishing.
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Figure 6a. Surface trace of a new ground low-speed stage pinion before superfinishing (2282)
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Figure 6b. Surface trace of a used low-speed stage pinion before superfinishing (2308)
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Figure 6¢c. Surface trace of low-speed stage pinion after superfinishing (2282)

Superfinishing has several distinct advantages over
regrinding in terms of time and cost savings.

1. The process does not require engineering draw-
ings.

2. All teeth are uniformly and simultaneously
finished. For example, the cost per tooth is the
same for a small gear with 59 teeth versus a
large gear with 113 teeth.

3. As described superfinishing requires less setup
time and potential complications versus
grinding. Consequently, the turnaround time is
rapid.

4. Typically the ring, sun and pinion gears of the
low-speed stage and the output pinions of the
high speed stage receive the most wear and are
refurbished. =~ However, the gears of the
intermediate stage especially an assembled in-
termediate unit also can be superfinished with
little additional expense since the entire gearbox
is removed for maintenance. Figure 7 depicts a
refurbished assembled intermediate stage gear.

Case study

A case study was performed on the input stage of a
1.5 MW wind turbine gearbox. The low-speed sun
pinion gear usually shows the most damage and will
be used here to describe the superfinishing
refurbishment process. It should be noted that cus-
tomers frequently request complete refurbishment
of the planetary gears and hollow wheel gear as
well. The sun pinion gear is shown in Figure 8a and
Figure 8b.

Figure 7a. Superfinished intermediate gear
assembly
(photo courtesy of Moventas)

Figure 7b. Characteristic Isotropic
Superfinish on the flanks of the intermediate
gear assembly pictured above
(photo courtesy of Moventas)



Figure 8a. Sun pinion gear with several
modes of damage including hard line
micropitting
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Figure 8b. The same sun pinion gear after
refurbishment

The following protocol was used to refurbish this
pinion gear:

1. After the gear was received it was inspected for
damage. Micropitting and light abrasive wear
were noted. Pre-finishing inspection is crucial
as gears may be damaged during
decommissioning and/or transport.

2. The initial average surface roughness (Ry) was
measured to be 0.31 um. Refer to Table 1.

3. The gear was placed in a vibratory finishing
apparatus with an optimized media mixture to
effect uniform stock removal on the flank.

4. It was processed in active chemistry for a short
duration and then carefully inspected for hidden
serious damage such as cracks or deep pitting.
No serious damage was detected.

5. The gear was further processed in active
chemistry and its surface roughness was
periodically monitored with a skidded portable
profilometer? until the targeted R, was achieved.

6. The pinion was then burnished to remove all
traces of the conversion coating.

7. The R, of the superfinished refurbished gear
was determined to be 0.07 um. Refer to Table 2.

Table 1. R, and R, measurements taken at
different locations on the sun pinion prior to
refurbishment

mace el Thta
1 0.34 1.95
2 0.29 2.12
3 0.32 2.19
4 0.29 1.55
Average 0.31 1.95
SD 0.02 0.29

Table 2. Four R, and R, measurements taken
at different locations on the sun pinion after
refurbishment

Ra (um R, (um

Trace 2 Aok
1 0.06 0.46
2 0.06 0.44
3 0.07 0.50
4 0.07 0.50
Average 0.07 0.48
SD 0.01 0.03

Results and discussion

In the Case Study discussed above, the planet and
hollow wheel (ring) gears were also successfully
refurbished. Customers utilize CMM to determine if
the gears are still within tolerances after the parts
are returned. Allgears, more than 2300 refurbished
to date, remain within the required tolerance. Inthe
majority of cases, all traces of micropitting and other

2 A Hommel T1000 Basic with a skidded T1E probe and a 5 um stylus was used for the case study. The

profilometer is calibrated to the ISO 5436 standard.



moderate tooth damage can be successfully
removed with superfinishing. Even if the micropit-
ting is too deep to remove completely, the peak as-
perities or “stress raisers” are removed and micro-
pitting will not progress to pitting and eventual
spalling. Moreover, superfinishing will remove the
raised lip around the lip of a FOD dent even if the
valley of the damaged area is not completely
removed. Gears with severe subsurface micropit-
ting or in need of tooth profile correction must be
reground first. However, it is still advantageous to
use superfinishing as the final step in order to impart
a much longer service life. Ongoing field tests, now
more than two years old, are being conducted to
corroborate that superfinished wind turbine gears
have equivalent or superior performance versus
new ground gears. Currently, refurbishing wind
turbine gears via superfinishing is in commercial
operation as a viable replacement to regrinding by a
major wind turbine gearbox manufacturer.

Conclusions

In terms of time, cost, and in-service performance
superfinishing has several distinct advantages.

¢ The majority of damage sustained on in-service
gears in wind turbine gearboxes can be
successfully refurbished by superfinishing.

e Superfinishing is time efficient and economical.

- All teeth are finished simultaneously versus
a few teeth at a time.

- Large gears finish in the same amount of
time as small gears.

- Proprietary drawings or expensive reverse
engineering is not required.

- Nital etch inspection is unnecessary.
- The equipment:
¢ Inexpensive versus regrinding;

¢ Setup is simple and does not require
extensive operator training

e Typically the ring, sun and pinion gears of the
low-speed stage and the pinion gears of the high
speed stage that acquire the most wear are
refurbished. However, the gears of the interme-
diate and assembled intermediate stage can be
refinished with little additional expense since the
entire gearbox must be removed for
maintenance.

Superfinishing can reveal pre-existing sub-
surface damage concealed by grinding or
in-service wear related smearing.

Previous studies by independent sources
indicate that refurbishment of used gears by
superfinishing results in extended operational
life and reduced maintenance costs.

When regrinding may be the only way to remove
the deep damage and reshape tooth geometry,
superfinishing after wards will result in more
durable surfaces and, hence, a gearbox with
greater longevity in the field.
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