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the National Technical Information Service (NTIS). At NTIS, it will be available to the general
public, including foreign nations.
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In Phase II, full-scale 35-mm endurance bearings were fabricated from MRC2001.and baseline VIM-VAR M50.
Additionally, 110-mm performance bearings were fabricated from MRC2C01. In a parallel but separately funded program
full-scale 35-mm endurance bearings were also fabricated from RSP565 material and endurance tested. RSP565 is a
conventional argon atomized version of the RSR565 material evaluated in Phase I. The MRC2001, RSP565 and M50 35-
mm bearings were subjected to back to back endurance tests. Considering inner race failures only Weibull analysis
showed no significant difference between the materials at the 95 percent confidence level.
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FOREWORD
This final technical report describes exploratory development work performed by the
; Pratt & Whitney Engineering Division under United States Air Force (USAF) Contract n
; F33615-81-C-2023, Improvement of the Corrosion Resistance of Turbine Engine Bearings. P&W R
1: was assisted in this effort by TRW Bearings Division of TRW, Inc. The report covers the period {:

;

it i S e

from August 1981 to August 1985,

7Sy

This program is sponsored by the Aero Propulsion Laboratory of the Air Force Wright
Aeronautical Laboratories (AFWAL), Wright-Patterson Air Force Base, Ohio 45433 under
project 3048, “Fuels, Lubrication and Fire Protection,” Task 304806, “Aerospace Lubrication,”
work unit 30480621, “Improvement of the Corrosion Resistance of Turbine Engine Bearings.”
Mr. R. Dayton is the USAF AFWAL/POSL Project Engineer. The Pratt & Whitney Program
Manager and Principal Investigator are J. H. Mohn and W. E. Poole, respectively. Test specimen
preparatior and material testing was conducted at TRW Bearings Division under the direction of
Mr. A. T. Galbato, Manager of Research and Development.
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SECTION |

INTRODUCTION

The objective of this “Improvement of the Corrosion Resistance of Turbine Engine
Bearings Program” is to provide a bearing which is significantly more corrosion resistant than
VIM-VAR (vacuum induction melt-vacuum arc remelt) M50 state-of-the-art bearings.

""\7 Improved bearing corrosion resistance can be achieved with either the use of a new
corrosion resistant alloy, or by surface treating, or coating state-of-the-art M50 with a protective
covering. This §8-menthytwo-phase program investigated all three methods: alloys, coatings, and
surface treatments. ‘hrPhase I)gppropriate bearing m e ials, surface treatments, and coatings
were identified. Screening tests were performed on th fhost promising candidates. .The single
most promising candidate was selected for full-scale bearing fabrication and testing in Phase II.

—

"The Phase [ effort was broken intefive tasks which will be discussed in detail in this report.
Task 1 began with a study of the corrosion mechanism which was a continuation of an ongoing
effort at P&W. In Task II, 17 {candidates with potential for improving bearing corrosion
resistance Were-identified for consideration. The 17-candidatesjincluded corrosion resistant alloys
such as CRB7 (AMS5900), and BG42 (AMS5749), coatings such as the proprietary chrome

plating process called Armoloy, and surface treatments such as nickel sputter-coated M50. .Of\

these, the five most promising were selected based on available data and perceived material
properties. ‘I'he five highest potential candidates were Armoloy-coated M50, nickel sputter-
coated M50, wrought CRB7, and powder metallurgy RSR565 and MRC2001. Task III ranked the
five candidates based on rolling contact fatigue and corrosion resistance tests. From these test
results, the three best candidates, Armoloy-coated M50, CRB7, and MRC2001 were selected for
further evaluation. In Task IV, these three candidates were evaluated for wear resistance and hot
hardness characteristics. Based on the property test results and criteria established in Task II,
the most promising candidate, MRC2001, was selected in Task V for full-scale bearing
development and testing.

The original Phase II program consisted of Tasks VI through IX. In Task VI twenty 35 mm
bore size MRC207S endurance test bearings, 1e., balls, inner races, and outer races, were
fahricated from the MRC2001 material and baseline VIM-VAR M50. Full engine size MRC2001
demonstration hearings were also fabricated. Bearing rolling contact fatigue (RCF) life tests were
conducted in Task VII. Task VIII was to evaluate the performance characteristics of the full-
scale bearing in a rig at 16,000 rpm (1.76 million DN where D = bore diameter in millimeters X N
= rpm) and other conditions simulating actual engine operation, and the used endurance test
bearings were to be subjected to corrosion tests in Task IX.

The Task VII endurance tests were terminated when the MRC2001 bearings demonstrated
unexpected low endurance life (B, life for the MRC2001 bearings was 75 hours versus 977 hours
for M50). An investigation determined that the grinding practice used to fabricate the MRC2001
hearings, and the test facility oil filtration system were contributing factors to the MRC2001 low
endurance life.

At the conciusion of the low endurance life investigation, the then current Phase II effort
was redirected. The previously defined Phase Il Tasks VII through IX were terminated and
Tasks 421, and 422 were constituted.

In Task 421, the surviving 35-mm MRC2001 inner races, fabricated in Task 6, were

reground and fitted with new M50 balls and outer races. New M50 baseline endurance bearings
were also [abricated. Endurance tests were conducted in Task 422. The purpose of the endurance
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tests was to demonstrate equivalent endurance life for the MRC2001 material versus state-of-
the-art M50 material.

-
i

Prior to regrinding the MRC2001 irner races a grinding study was conducted by TRW
Bearings Division to cptimize the MRC2001 grinding practice. Comparable surface texture,
surface finish, operating internal radial clearance, and raceway fits were maintained between the
two endurance test bearing lots. In addition, the endurance test rig oil filtration system was
modified to include 3.3 micron lubricant filtration.

¥ i’y el g
TR T

»
-

As part of a separately ‘inded program, 20 each RSP-565 bearings were fabricated and
back-to-back endurance teste. vith the Task 421 M50 and MRC 2001 test bearings. The
grinding practice optimired for the MRC 2001 inner races was used to grind the RSP 565 races.

A total of 100,127 endurance test hours were accumulated on 55 bearings, 20 each M50, 20
each RSP565 and 15 each MRC2001. The B, lives, based on inner race endurance test results,
were 1253 hours, 1968 hours, and 2211 hours for MRC2001, RSP565, and M50 respectively,
based on Weibull analysis. A statistical evaluation of the MRC2001 and RSP565 Weibulls
determined that the rolling contact fatigue life was equivalent to VIM-VAR M50 at the 95
percent confidence level with a minimum P value of 0.3 (where (1 — P) X 100 percent is the
lowest level of confidence for which Weibulls would be considered the same).
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SECTION i

TECHNICAL DISCUSSION

1. BACKGROUND

Current engine bearings have proven to be reliable and durable, but are often rejected for
further use and discarded upon engine overhaul inspection long before their durability limits
have been reached. This is due to environmental effects which degrade the bearing condition.
Corrosion has been found to be the major cause of this premature bearing rejection (References 1
and 2). The expense and increased bearing usage caused by these rejections is unacceptable due
to escalating labor and material costs, and the increasing manufacturing lead time required to
meet the higher overall bearing demand.

Current turbine engine bearings are made from AISI M50 steel. This material, originally
developed as a tool steel, was selected for turbine engine bearing use because of its good rolling
contact fatigue life and high hot hardness. In its current form, VIM-VAR M50 performs well, but
is sensitive to corrosion. The corrosion problem can be addressed in two ways: development of
corrosion resistant bearings, or development of corrosion inhibitors for lubrication systems and
storage preservatives. Two investigations have addressed corrosion inhibitors for lubrication
systems (References 3 and 4). The goal of the Improvement of Corrosion Resistance of Turbine
Engine Bearings Program is to provide a bearing significantly more resistant to corrosion than
M50 state-of-the-art bearings.

2. CORROSION INVESTIGATION
a. Technical Approach

Corrosion is the most significant cause of gas turbine engine bearing field service rejection.
Bearings rejected for corrosion have not expended their theoretical fatigue life. This effective
reduction in bearing life results in higher maintenance costs associated with the inspection,
repair and premature replacement of bearings.

The purpose of the corrosion mechanism investigation was to determine:

» Requisite conditions for the corrosion of stored and service hearings
e  Main sources of corrosion contaminants
+ Predominant corrosion mechanism.

During the corrosion investigation, representative samples from bearings rejected from
hoth storage and service environments for corrosion were studied. The rejected bearings were
analyzed for the morphology of the corrosive attack and for the chemical species present in the
corrosion products. Bearing preservatives and used engine oils were also analyzed for
contaminants that might cause or accelerate corrosion of the various bearing materials.

The possibility of corrosion by galvanic attack was also explored. A galvanic cell could
greatly increase the rate of corrosion. It consists of two dissimilar metals immersed in a
conductive solution. To address this possibility, the galvanic potential of silver M50 and silver
AISI 4340 couples in an aqueous sodium chloride solution were measured and the bearing
environments were analyzed for reactive chemical species which readily dissociate in water
solution.
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Accelerated corrosion tests of bearing materials in contaminated oils were also conducted to
support hypotheses generated during the investigation.

b. Analyses of Corroded Bearings

Representative storage and service corrosion-rejected *urbine engine bearings from t{wo
advanced turbofan engine types in the current USAF inventory were selected as candidates for
study. A wide sampling of bearings from storage was possible due to a related P&W study which
was in process at the time of this investigation. Conversations with P&W field representatives
and other knowledgeable personnel led to the conclusion that the field samples received, though
few in number, are typical of the majority of field rejects for corrosion.

(1) Stored Bearings

Main and accessory bearings which were rejected from stcrage due to corrosion were
analyzed for the morphology of the corrosive attack and chemical species present in corrosion
products by scanning electron microscopy (SEM), X-ray emission spectroscopy (XES),
microprobe, metallography (MET), and Auger electron spectroscopy (AES) methods. Bearings
examined included the following:

Bearing Condition Preservative Type
A New MIL-C-11796B Mainshaft
B New MIL-C-11796B Mainshaft
C New MIL-C-11796B Mainshaft
D Used NA Mainshaft
E New MIL-C-11796B Accessory
F New MIL-C-11796B Accessory
G Used MIL-C-15074C Accessory
H Used MIL-C-15074C. Accessory

All of the above bearings were of identical construction in terms of materials; balls and
races being composed of M50 steel with silver-plated AISI 4340 cages. Used bearings exhibited
characteristics of both storage and service environments, and provided valuable information in
establishing differences and similarities of corrosion morphology and mechanisms. They are
discussed further in Section I1.2.b(3).

Corrosive attack of the silver-plated cages (AISI 4340 steel) during storage was manifested
as stains affecting relatively large areas and ranging from very light violet to dark black in color.
The morphologies of the stains generally correspond to rolling element cage contact loci and -
thick-thin preservative contours shown in Figures 1 and 2.
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Light and dark areas (staining) associated with the thick-thin preservative contours
probably only reflect the varying quantities of reactive species being made available from the
corresponding volume of preservative to the silver surface. Similar logic can be applied to the
rolling element cage contact loci where a thicker meniscus of preservative is often formed.
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Figure 1 —  Dark Staiming of Sulver-Plated AISI 4340 Cage at Rolling Element-Cage

and Race-Cage Contact Loct tMain Shaft Bearing C, Stored in MIL-C-11796B Preservative)

The hightest stams observed exhibited a violet tint (Figure 3) where SEM and XES analyvses
tFiaure 1) identified only silver and chlorine, suggesting u silver halide compound. Similar
analvses of shightly darker stams. hight brown in color, revealed sultur and chlorine contamina-
tion The hght brown color 15 attributed to the presence of sulfur as silver sulfide shown n
Figure 5 Stll darker. almost black stains, sometimes with a purple tint, were characterized by
much igher XES <pectra tor sulfur shown in Figures 6 and 7.

The AEN amilvsis of medium to dark <tains formed at ball-cage contact points (Figure 1)
1evealed sulfur to be the contaminant present in highest concentration, followed by chlorine,
oxveen, catbon,ron. and possibly calerum lon sputtering of the stained surface rapidly reduced
the mtensities otall contaminants, restoring a bright. virtually contaminant tree silser surface as
shown in Figure 8. The high intensity for sulfur relative to oxygen and the rapidity with which
the contanimants were removed by 10n sputtering indicates the stain to be a thin film of silver
sultide. approximately 1000 to 2000 angstroms thick

A comparison of the tree energies of tormation for oxides and sulfides at 25 C reveals silver
suthide to be more stable than silver oxide (protective filn on bright, unstained sihver). a
characteristic that becomes more pronounced at elevated temperatures Thermodynamics,
theretore, tavors the substitution of sultur for the oxvgen 1n the protective silver oxide film 1f
sultur s avarlable 1 a reactive state (not 80, 2). Reactive orgamic sulfur (as organic thiols,
sulfides, disulfude, ete ) and morganie sultur (SO, % 80,. 8°, Hy8, HS | S72),1f water is present
i ~olution with the preservative, are the primary corrodents responsible for staining and
cortosion of the silver-plated components of stored bearings. Their presence n preservative
medias probably due to the failure of refining technigues to remove these petroiev:n impurities
down to the levels which would prectude visible staming of silver.
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Figure 2. —  Heavy, Dark Staining of Suver Plated AISI 1340 Cage Generally

X Conforming to Thick-Thin Preservative Boundary Morphology (Accessory Bearing, Similar to M
::l, Accessory Bearing E Stored in MIL-C-11796B Preservative) ;:}::
- " ;.;-::
The next most important contaminant in terms of corrosive attack of stored silver-plated :::

é e bearing components is chlorine, present in preservatives as chlorinated hyvdrocarbens, solvated et
- chloride ions (if water 1s present in solution with the preservative), and chloride ions and BT
compournds adsorbed to metal surfaces (improper handling). ::-:::
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Silver chloride, like silver sulfide, is more stable than the oxide at room temperature which "é?;
favors the substitution of the chloride for the protective cxide and results in staining. ;

. >

Sources of chloride contamination are believed to include standard petroleum contaminants A

XY
%
]

(as chlorinated hydrocarbons and solvated chloride ions) and improper handling procedures such
as failure to use gloves or protective film when handling bearings.

x

Carbon and calcium contaminants are probably due to entrapment of the saponified
(agents: sodium, potassium, calcium, magnesium, lithium, and/or aluminum) hydrocarbon
preservative in the corrosion product. Carbon might also have migrated the short distance from
an adjacent corroding ball or roller. Similarly, the source of iron as a contaminant in the stained
silver plate is probably other steel components of the bearing itself. The presence of oxygen only
reflects the lack of complete conversion of the silver oxide film to sulfide and/or chloride.
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Corrosive attack of stored M50 steel races and rolling elements was several orders of
magnitude less severe in appearance than that of the associated silver-plated cages. However,
even the lightest corrosive attack of the functional surfaces of the M50 steel components was
considered much more serious than the plated cages due tc the potential catastrophic failure of
these parts from progressive spalling initiated at such sites. Corrosive attack of the M50 stee!
components varied from widespread, extremely light stains, barely discernible to the eve (and
mvisible to standard macrocameras. SEM, and XES), to very heavy, black or brown stains and
pitting. The lightest stains generally conformed to the thick-thin preservative boundary
morphology, and heavier stains to the race-rolling element contact morphology es shown in
Figures 9 and 10.
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Figure 3. —  Light Violet Staining of Silver-Plated AISI 1340 Cage at Roiling Element-
Cage Contact Loct (Accessory Bearing F Stored in MIL-C-11796B Preservative)
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Figure 5. —  SEM Photomicrographs and XES Spectra of Light Brown Stained and
Unstained Areas of Silver Plating on AISI 4340 Tage Material (Main Shaft Bearing C)
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Figure 6. —  Heavy, Dark Staining of Silver-Plated AISI 4340 Cage Analyzed Via SEM
and XES in Figure 7 (Accessory Bearing E Stored in MIL-C-11796B Preservative)
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The SEM and XES analyses of the lightest stains observed proved fruitless (Figures 11 .
and 12) due to the stronger background emissions of the base material through the stains (films
less than 3000 angstroms composed of light elements) and noise. AES analysis of lightly stained
areas of two separate mainshaft bearings (A, B) which had been protected in MIL-C-11796B, a
cosmoline-type preservative revealed almost identical results. Both unstained as well as stained
areas usually exhibited spectra for oxygen, carbon, calcium, sulfur, and chlorine with
phosphorous, nitrogen, nickel, sodium, zinc, aluminum, and silicon cbserved in some locaticns as
well. This layer of contaminants was rapidly removed by ion sputtering leaving a bright, clean
base metal surface in unstained locations and a slightly thicker layer of oxygen containing
material with some carbon and calcium in stained areas as shown in Figure 13. Total thickness of
the lavers in the stained regions was estimated to be less than 1000 angstroms.

F oy

L R

"%
t Tl T Taul TR IR

10

e e Ve T T T T T e T Gt T e ] 3 SN S
YRS - - - - LA I SR -t a . . . - K -~ - . - -
T T 1 T A S P A o o g T e R A T A e N N O A LA AP




L WYY T T,

P i

a8

pead i

TS

L

NG

e

Mag 10X

SEM Photomicrographic of Stained Cage XES Spectra of Stainred Region
Denoted at Left

P

>
TCLTL,YTERLLY LT

i ¥
- s e s
3.7 _ s

.

FD 230895

b, «

B

.

s

Figure 7 —  SEM Photomucrograpn and XES Spectra of Dark Stain on Silver-Plated
AISI 4340 Cage Material (Accessory Bearing E)
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Of the contaminants encountered, chlorine, sulfur, and oxygen (present in corrosion
products as chlorides, sulfides, and oxides) are considered the primary corrodents.

« DY

Chlorides are believed to be present in the storage envirunment as chlorinated hydrocar-
bons. solvated chloride 1ons (if water is present in solution with presersauive), and chloride ions
or compounds adscrbed to metal surfaces. Sources of this contamination include standard
petroleum impurities and incorrect handling techniques, shown in Figure 14.
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Reactive sulfur (as organic thiols, sulfides, disulfides, ete., and if water 1s present, as SO:{{\
50, 8« HyS, HS | and £72) is undoubtedly a preservative contaminant, the result of residual g
petroieum impurities during manufacture or reduction of sulfate/sulfonate corrosion inhibiting i
additives,

Oxvgen 1s available to the bearing surface via water dissolved in the preservative and by
penetration of ait through bearing packaging and preservatives.

4 e e . mmere v

Carbon may be present as a normal alloy constituent or due to entranment of the ;

hvdrocarbon preservative in the corrosion product. Similarly, the alkali metals, lithium, sodiam, I
and potasstum ples magnesium, alcium, and possibly aluminum are trequent sapontfication '
components in greases and preservatives and may also be entrapped in (he corrosion product. .

Corrosion inhimting additives otten contain barium, phosphorous, mtrogen, zinc, and sulfur as
well. Nickel and sihicon are the only two elements for which a plausible explanation canrot
readily be found nther than impurities in the preservative Nickel 15 an alloving element of
AIST 4349 steel and could find its way into the preservative if the integrity of the silver plate were
breached. Silicon as a substituent of siiicones may be present as a vendor proprietary ingredient
or from contamination with ordinary sand (810},
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Figure 8. —  AES Spectra of Stained Region of Silver-Plated AISI 4340 Sticel Cage

Material From Main Shaft Bearing C, Stored in MIL-C-11796B Preservative, Showing
Variation of Chemical Composition With Depth

12

) I Ve F o R e TR TSk A

et e e TN LN 4 T T T tATN T Y P I R A I R I N S I BT BT - o “m ALt MU TR T et ke 1e T e "4
PRI YRY }"‘:}-"." - &-.\-\‘_\ A A S R .J_:.._ N N T P N TS AN \,‘\. TR .}w‘_ .‘_}"_.‘_ RSN
. . S g . - - v L0k A d v M * -

«




QIR AN R R LR AT N S L TV U W L AR LR UN LY, s L) e ete b PR AT Yy P

- wrm t

Q

-,
X,
-
45
' gl
'
"
¢
H

FD 230896

Figure 9. —  Thick-Thin Preservative Boundary Morphology as Seen Through Plastic
Skin-Pack (Main Shaft Bearing N)

Corrosion corresponding to slightly darker stains of the M50 material (mainshaft
bearing C) which was amenable to SEM and XES analyses, appeared to follow the grain
boundary morphology (Figure 15). Localized stress concentration in the lattice structure along
the grain boundary, i.e., grain boundary energy, rather than transgranular differences of
chemistry, is believed to be a primary mechanisia responsible for initiating autocatalytic pitting :
corrosion along grain boundaries in the storage environment.

Ay AR XK,

The most severe corrosive attack of M50 componeuts in storage was manifested by dark
black stains usually conforming to rolling element-race contact morphologies (Figure 10). SEM
photomicrographs of these stains revealed severe mudcracking and spalling of the mudcracked
corrosion product. An XES analysis of these mudcracked regions typically revealed enrichment
of the alloying elements (Cr, Mo, and V) relative to iron except in locations of spalling in which
fresh unaffected surface was exposed (Figure 16). This is probably due to the leaching out of the
more soluble iron corrosion products or, similarly, precipitation of less soluble alloying element
corrosion products due to the decreasing concentration gradient of the attacking media from the
bottom of a local pit to the surface of the alloy.
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The mudcracking effect may represent the final stages of autocatalytic pitting corrosion
initiated along grain boundaries (compare 200X pnotos in Figures 15 and 16) and producing a
trench-shaped crevice (crack) which ultimately spalls, exposing fresh surface to further attack.
This type of corrosion of functional bearing surfaces, if undetected, can result in failure.
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Fuwwe 11— SEM Photonacrographs of Stamned and Unstained Areas of M50 Steel c.

Race (Main Shaft Beartng B), Indicated Areas are Examuned Further m Figure 12 ‘

Contaminants present i the corrosion products of the most severelv attacked areas were "
es~entiaily the same as those described previously, implyving involvement of the same mechanism :
but under more ~severe condiions or for a longer duration. 3

(2) Service Bearings )

Anahvses of senvice-rejected bearings for corrosion were conducted on three main shaft v,
bearmes emploving SENL NXES, mucroprobe. and MET techniques Two of the bearings -
possessed smmilar matenial construction, 1e., MbU steel balls and races Quantitative XES ;
analvses of the thud bearing. however, revealed the imner race base metal to have a composition
<intlar 1o M>0 <teel, whereas the outer race and rollers exhibited spectra similar to that of
BOWIER 515, a high temperature carburizing grade, allov steel In each case, the cage matenal )
wa~ the standard silver-plated AIST 1340 steel. The three bearings are histed below. .

TET r i
”

: Outer Race and ¥
Jearing Condition Ol Type Ruoller Material e

J Used MIL-L-7808. Mainshatt M50 .

N Uaed MITL-1-78084 Mainshatt Bower 315 N

I, l <ed MIL-1L-7308.0 Mainshatt MH0 -

Other than minoy physical damage, such as indenting, scratches, and wear, the silver-plated .

cages of the senvice-tejecied bearings exhibited virtually no evidence ot dettimental effects from .

the service eovinonment. including corrosive attack of the silver plate. >
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Figure 13. AES Spectra of Stained Region of M50 Steel Bail From Main Shaft
Bearing C, Stored in MIL-C-11796B Preservative, Showing Variation of Chemical
Composition With Depth
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Corrosive attack of M50 and BOWER 315 steel rolling elements and races of service
bearings was less evident than that of stored bearings (Figure 17). Staining of the alloy surface
was not encountered. Rather. the morphology of the corrosive attack of these bearing
components was confined to almost microscopic pitting which, though widespread, was difficult
to see except at higher magnification (Figures 18 and 19).
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3 Figure 17. —  Typical Appearance of Service-Rejected Bearing Does Not Suggest g
) . Corroswe Attack (Mainshaft Bearing J, Service in MIL-L-7808J 0il) g
g

On examination, the most common functional surface condition encountered with the 9

rejected service bearings was indentation from contaminants entrained in the oil. Aluminum and :‘

silicon (probably as oxides) were the usual contaminants associated by SEM and XES analyses >

_ with indentations (Figure 20). The relatively higher proportion of aluminum encountered g
-': suggests contamination with residuals from some manufacturing process as opposed to common b
2 sand or dust contamination, since the silicon/aluminum ratio for most sands is greater than 1:1. v
- .
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Figure 18, —  Pitting Attack of Functional Surfaces of Service-Rejected Bearing (Main ;
Shaft Bearing J. Service i MIL-1.-7808 Oil)
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Corrosion-like mornhologies were found in the regions of some indentations (Figure 20). In
the absence of static exposure to a relatively corrosive environmen* (storage with MIL-C-
11796B). it is postulated that corrosive attack is more readily initiated at locations of physical
damage rather than at grain boundaries. Small particles embedded in functional surfaces provide
relatively large areas ci closely conforming surfaces which are very amenable to capillary
adsorption of water in the system (and attendant reactive species). Thus, an area of physical
damage is easily converted to a site for autocatalytic pitting attack as seen in Figures 21 and 22.

. The XES analysis revealed little evidence of contamination of the corrosion site by
potentially reactive species. This is to be expected, since the corrosion damage was probably
experienced during a period of extended idleness when water condensed from the air and/or oil in

- the bearing housing, and corrosion products (scale) along with contaminants were dislodged and
entrained in the oil upon subsequent engine operation. In addition, bearings are generally
inspected only after thorough cleaning. The rejected service bearings examined in this program
had been packaged in MIL-L-8188 oil during shipment to prevent further corrosion, all of which
served to mask the chemical species responsible for the corrosion.

The morphology of service-related corrosion sites was similar to that of the freshly exposed
material of a recent spall in a region of storage-related corrosion. This suggests that after
mitiation, a similar mechanism of corrosion is at work in both the stored and service bearing, but
the physical environmert of the service bearing subsequently dislodges the corrosion product
(scale).

(3) Stored, Service Bearings

-

MM A

Bearings which exhibited characteristics of both service and storage environments are
described in this section.

G et y7,

Originally considered as corrosion-rejected bearings from service, examination via SEM,
XES, and MET analyses revealed evidence of corrosive attack that could not be explained on the
hasis ol previous experience with service bearings and the hypotheses generated as a result of this
experience. A review of the history of these bearings showed that all had seen a storage
environment of une sort or another.
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All of the uscd bearings examined were of similar material construction, i.e., M50 steel balls
and races with silver-plated AISI 47 40 steel cages.
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For the most part, corrosion of the silver-plated AISI 4340 steel resembled that of hearings
subiected to a storage environment. The cage of vne accessory bearing exhibited a feature not
previouslv encountered with silver plating, i.e., mudcracking. Examination of thin, dark stains of
the cage (Figure 23), via SEM and XES analyses, revealed heavy mudcracking and pitting
(spalling) similar to that seen on M50 steel components subjected to a severe storage

- environment (Figure 24). Mudciacking of the silver plate is not serious in terms of precipitating a
failure of the cage, but spalls can cause indenting of functional surfaces (Figure 25), and may
progress to flaking of the silver plate.
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Corrosive attack of the silver plate leading to the mudcracking morphology may be due (o
autocatalytic pitting attack involving formation of an aqueous sulfur concentration cell during
storage Incorrect handling (skin moisture) and saturation of the preservative due to condensa-
tion are the most probable sources of water contamination.
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Figure 23 Section of Cage Examimwed Via SEM, XES, and MET Analvses for Thin -

Dark Stains Accessory Bearing H)

The SEM and XES analvses of M50 steel components revealed characteristics of both '
storage and service environments. They exhibited the mudcracking and spalling corrosion typical :
of storage, as well as the indenting. scratches, wear, and embedding of silicon and aluminum
(oxide) particles representative of parts exposed to service (Figures 26 and 27).
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The history of mainshaft bearing D (Figure 28) is somewhat unique. The bearing,
presumably protected with the short-term preservative oil MIL-C-15074C, was assembled into its
housing and left in a horizontal position for approximately six months before the assembly was
completed and the engine run. This was sufficient time for the oil to drain, concentrating a
corrosive mixture of absorbed particles of dust, water, salt, etc., on the surface of a puddle in the
outer race, leaving the 1emainder of the bearing exposed to the atmosphere (i.e., equivalent to
storage without a preservarive). Inspection of the bearing at teardown revealed extensive attack
of the bearing including an elliptical 2one of heavy pitting in the outer race. The pittiag

. corresponded to the interface of the preservative puddle, air, and M50 steel.
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. rigure 28. —  Corrosion of Main Shaft Bearing D Inadequately Preserved During Delay !
in Assembly .

|3

Mudcracking (characteristic of a storage environment) was the predominant corrosion ::
morphology in nonfunctional areas (Figure 29). Pitting (more typical of the service environment) H
was found on functional surfaces (Figure 30). These observations tend to verify the hypothesis '
that the corrosion mechanisms (not rates or modes of initiation) of stored and service bearings .
are simular (compare Figure 29 with Figure 16, and Figure 30 with Figures 20 and 22). :
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Figure 29 —  SEM Photomicrographs and XES Spectra of Muderacking Corrosion of
M350 Steel, Nonfunctional Surfeces (Main Shaft Bearmg D)
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Figure 30—  SEM Photonucrographs and XES Spectra of Pitting Attack of M50 Steel
Outer Race Along Phase Boundary (Main Shaft Bearing 1))
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c. Analyses of Preservatives and Used Engine Oils

To determine the source of reactive species responsible for the corrosion of bearings, short-
term preservative MIL-C-15074C, long-term preservatives MIL-C-11796B and MIL-C-16173D,
and engine oils MIL-L-7808 and MIL-L-23699 were analyzed.

(1) Storage Preservatives

Samples of storage preservative from three freshly opened mainshaft bearing skin-packs
(MIL-C-11796B or MIL-C-16173D), as well as samples of a long-term preservative (MIL-C-
11736B) and a short-term preservative (MIL-C-15074C) were analyzed for sulfur, chloride, and
water content with the following results as listed in Table 1.

TABLE 1.

STORAGE PRESERVATIVES

Sulfur Chloride Water

Preservative Bearing (% W) (%W) (%V)
MIL-C-11796B M 0.56 =0.0028 Not Run
(or MIL-C-16173D)

MIL-C-11796B N 0.20 =0.0024 0.14
(or MIL-C-16173D)

MIL-C-11795B A 0.13 =0.0023 0.12
(or MIL-C-16173D)

MIL-C-11796B N/A 0.30 =0.0024 0.09
MIL-C-15074C N/A 0.14 =0.0013 0.06

%W = Percent weight

%V = Percent volume

BT H

Despite the lower mobility of ions and water in the viscous preservatives, thesz levels of
contaminants are expected to cause corrosion of bearings based on tests conducted at
P&W/GPD and the Navy (Reference 5), where corrosion of M50 steel was observed in oils
contaminated with only 0.0003 percent weight (%W) chloride and 0.0600 percent weight water.

(2) Service Oils

Similar efforts were made with the service environment fluids (MIL-L-7808 and
MiL-1.-23699 oils). Requests to the Air Force and Navy have resulted in samples of u..d engine
oils from a variety of sources (Table 2). Unfortunately, analyses of these oils for the reactive
species sulfur, chloride, and water were frustrated because the levels of these contaminants were
at or below the threshold of dewectability of the available analytical instruments. Because of the
lack of resolution, the data remain incomplete, except that the chloride concentration for all of
the oils 15 probably less than 0.0005 percent weight (5 ppm).

36

]
1

" e > .
Ly ..T . -
MRS T A TN R I T BT R SR LGS R T A R S

.
g T RGN e S U L T Lt et TP A

R I T A R S UL TS R U S NN TR

. g aaa.n
NN IR s

o
(X3d

W

Bz
¥a*

Y

Ly
FAFES

X 4
A

- Y,
K 1

T
fws®

T
G s

Y

T
TiinEs

]

oY 14
i
o

....‘....
ey
.“ g

{75

o

L)

Ry

s %a
el

»ot LA
r',", ", o

@,

e l- Cad
e el




L NN AW LS A AU R TG U AL BT R U TR TR R T A N N v & s SRV R
,

SO LT :
-y

)
b
y A
‘ \
:
TABLE 2. i
.
‘ HISTORY AND ANALYSIS OF USED ENGINE OILS E
)
N
Total Time ,
Engine On
Time Oil 0il Sulfur Chlorile Water
Base (hours) Type (hours) (ZW) _ (%W) (%V)
* 366TH TFW — 7808 501 <0.002 <0.0605 0.01
Mt. Home AFB - 7808 62 <0.002 <0.0005 0.02
-— 1808 311 <0.002 <0.0005 0.01
— 7808 248 <0.002 <0.0005 0.0%
Oceana NAS 1173 23699 — <0.002 <0.0)05 0.03 ;
VA 1581 23699 190 <0.002 <0.(005 0.02 i
902 23699 473 <0.002 <0.0005 0.03 .
578 23699 578 <0.002 <0.0005 0.05 ‘
27th AGS 1734 7808 268 <0002 <0.0005 0.025 ;
Cannon AFB 951 7808 18 0.002 <0.0005 0.010 ;
NM 964 7808 13 0.002 <0.0005 0.16 i
1210 7808 263 <0.002 <0.0005 0.015 l
48th TFW 652 7808 652 0.003 Not Run 0.02 l
Lakenheath 493 7808 493 <0.002 Not Run 0.01
RAFB 489 7808 489 <0.002 Not Run 0.01 l
England 369 7808 117 <0.002 Not Run 0.1 |
20th TFW - 7808 48 <0002 Not Run 001 |
RAFB, Upper — 7808 106 <0.002 Not Run 0.01
Heyford - 7808 297 <0.002 Not Run 0.01
England - 7808 498 <0.002 Not Run 0.01
48th TFW 2328 7808  562(TSO) 0.002 Not Run 0.12
Lakenheath 1052 7808 468(TSO) <0.002 Not Run 0.10
RAFB 655 7808 - <0.002 <0.0005 0.10
England 922 7808  649(TSO) 0.002 Net Run 0.03
P&W-GPD 7808 144 <0.001 Not Run 0.015
7808 - Not Run  Not Run 0.015
to
- 0.040
6373
s Higher levels of water contamination were encountered, but no significant trend could be
- established. Results of oil analyses from wa'er wash tests of a test engine indicate that
- condensation during cool down and changes of weather are more significant contributors to the
® water content of the oil than the water washing procedure (Table 3).
A
3 .
. d. Galvanic Cell Tests
Galvanic corrosion could multiply the rate of attack above that of crevice or pitting
corrosion alone. With the use of dissimilar metals (silver plate vs M50 and AISI 4340 steel) in
hearing construction, the confirmed presence of several potentially reactive chemical species that
readily dissociate in water solution, and water contamination of preservatives and oils, all of the
elements required for galvanic corrosion are present. In a bearing, a local galvanic cell could be
formed by mterpusing between the steel cumponenis and the silver plate, condensation water in
X petroleum solution contaiuing dissolved ions from the surrounding environment.
~
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TABLE 3

OIL ANALYSIS RESULTS AFTER ENGINE WATER WASHDOWN

Percent Volume

Engire Test Material Rate of _Water in Oil
Conditions Duration Ingested Ingestion Before After
Idle 5 hr Water 10  gal/min 0.015 0.03 .
idle 1¢ min Water + B&B 3100* 2.5 gal/min 0.04 062
Windmill 2 min Water + B&B 3100 2.5 gal/min 0.02 0.02
Static Overnight - — 0.02 0.04

:
EA
§
;
A
8
E
E
g

Y

_r.,‘
FRE RV e i A

*B&E 3100 — Concentrated liquid compound for cleaning gas paths in turbine
engines (FS N 6850-181-7547).

Z

'

P e ¢ K7

To measure the galvanic potential of the silver-M50 and silver-AISI 4340 couples, samples
of M50 and AISI 4340 steels were placed one at a time in £ 3 percent weight sodium chloride
solution coupled across a high impedance, high resolution voltmeter to a silver electrode also
immersed in the salt solution. The potentiul generated for the M50 silver couple rose rapidly to
approximately —0.23 vdc then slowed, and finally stzbilized around —0.550 +0.015 vdc after
45 minutes. A similar performance of the AISI 4340-silver couple was recorded with a final
reading of —0.575 £0.010 vdec.

- iy * X
Lt St

Thus, the possibility for galvanic corrosion between the steel components and the silver-
plating of bearings was confirmed.

Lot Pr P v Ot

/

e. #Accelerated Corrosion Tests

Tests were conducted to evaluate the effects of verious concentrations of sulfur and chloride
ions in oil on M50 steel aud silver-plated coupons.

Elemental sulfur along with several short chain organic mercaptan compounds dissolved in
a neutral medium (water saturated mineral oil) were evaluated in simple qualitative tests for
corrosive attack (staining) of silver-plated coupons. Water-saturated mineral oil mixtures
evaluated included: sulfur, sulfur dissolved in carbon disulfide, carbon disulfide (control), sulfur
dissolved in carbon tetrachloride, carbon tetrachloride (control), thinacetamide, sulfanilic acid,
ethanethiol, 2-mercaptoethanol. benzenethiol, and thiophene. Of the mixtures tested, only those
containing elemental sulfur and thioacetamide would stain silver plate within a 24-hour period at
room temperature. The 2-mercaptoethanol had to be heated to 180°F before it would atcack the

silver during a similar interval.

s VEEENTE TN OIS Y MM T 0T ¢ T Y T

e

RN~

Mixtures which produced relatively rapid attack of the silver plate, however, inevitably
presented miscibility problems with oils. Therefore, tests were first conducted to evaluate the
ability of MIL-C-15074C, MIL-L-7808J, and MIL-L-23699C oils to counteract the corrosive .
effects of saturation with water, chloride ions, and reactive sulfur. The oils were saturated with
these contaminants by first emulsifying water, thioacetamide, and sodium chloride (to an
equivalent of 0.1000 percent weight water, 0.0100 percent weight chloride, and 0.0100 percent
weight sulfur), allowing time for equilibrium and phase separation, then decanting of the
saturated o1l over M50 steel/silver plated coupon pairs. Specimens exposed to the contaminated
oils, along with controls, were then placed in an oven at 140°F for 24 hours. Results indicated
MIL-1,-23639C oil was superior followed by MIL-L-7808J then MIL-C-15074C (Figures 31
througis 33). The silver-plated coupons exhibited stains ranging from very light (MIL-L-23699)

TeTe LAY S ST T SRV TS v e

o
oo}
. !t tRICE ¥ Y

- LI R T - N ecme s

- L s “ ; A —— "“r’""'r SNHCHA ‘* e - Lot '.“-‘ RS SR w.'.'.i:‘«ul'-&x .;» AR LT PO




'

Aty st tatatat 1S E b0 U A A L e AL AT A W e HC PN I Ca WA M W e e W S L M o WU o e G oA AN 4 Tt~ N W £ AN, QAL o i oAl L

-
%
gl

\ )
byt o%e
R :
E -
O o
h . k.
13
. :
B 5
A7y to very heavy (MIL-C-15074C: The M50 steel components were unaffected, indicating the need %
> A
O for longer duration tests. :
%' "
oK) i
e !
2%

%

-

¥
Af

Sl

v oen -
PR}

JE——

o i a W T LUV IR war e ancale 3w B L SILERGILENGS:  § s Al

%
.
L
L
'>

—
%
.

v emmer ot e 4 s ¢ v emmus e eee S CTTMER T F K S~ CEMBAGNCT LTV R LW EEELT Y,

e N
. .

g a3
‘2‘;;‘;{"”";’2
228

'ﬂ} -
M‘%«. »3.»5,.. B

FE 352627

Figure 31. —  Specimens (M50 Steel at Top; Silver-Plated Coupon at Bottom) Exposed
0 MIL-L-23699 Oil (Contaminated at Left, Control at Right) at 140°F for 24 Hours

The M50 steel and silver plated pairs were also tested Iy immersion in dry mineral oil
sclutions containing tritylthiol (triphenylmethyl mercaptan) at 0.0100, 0.0020, and 0.005 percent
weight sulfur concentrations and solutions containing trityl chloride (chlorotriphenyimethane,
triphenylmethyl chloride) at the same levels of chlonide concentration. Sampies were again
placed in an oven at 140°F for 24 hours. Results indicated that the silver plate was 1. most
susceptible material to attack by both chloride ions and reactive sulfur down to the lowest
concentrations tested, with sulfur producing the heaviest stains. The M50 steel was unaffected
by the reactive sulfur and all but the lughest concentrations of chloride ions (Figures 34
through 39).
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Figurc 32. —  Spectmens (M50 Steel at Top, Silver-Plated Coupon at Bottom) Exposed
to MIL-L-7808J il (Control at Left; Contaminated at Right) at 1-10°F for 24 Hours

A0

P
‘."A'A.

-
e

40

A Y G T
WLt A N \")n‘ LA




.

-

4
:

"

ot

A LR EANE AN AL S L SN £ S AR o At A BE A O Mol e A7l Pt e ahy i ey Rk W

.§

TN T S xe CATTETUTIA SO S WP AN s W R e CEES V 0 R A5 SN e TN W o R R PR 8 R

.
P
:

»

l-

4

i, .
4

FE 352623 '

Figure 33— Specimens (M50 Steel at Top, Silver-Plated Coupons at Bottom) Exposed :
to M.L-C-15074C Odl (Contanunated at Left: Control at Right) at 140°F for 24 Hours ‘
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Figure 34 —  Specimens (M50 Steel at Bottom, Silver-Plated Coupon at Top) Exposed
to 0.0005 Percent Wewght Sulfur (as Trinl Thiol) i Mmeral 30 at 140°F for 24 Hours
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Figure 35. —  Specimens (M50 Steel at Botiom, Silver-Plated Coupon at Top) Exposed
to 0.0020 Percent Weight Sulfur (as Tritvl Thiol) in Mneral Oil at 140°F for 24 Hours
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Figure 37. —  Specimens (M50 Steel at Bottom:; Silver-Plated Coupon at Top) Exposed
to 0.0005 Percent Wewght Chloride (as Trityl Chloride) in Mineral Oil at 140°F for 24
Hours
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Figure 38. —  Specimens (M50 Steel at Bottom, Silver-Plated Coupon at Tup) Exposed
to 0.0020 Percent Weight Chlorid> (as Trityl Chloride) 1n Mineral (1l at 140°F for 24
Hours
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Figure 39. —  Specimens (M50 Steel at Bottom: Silver-Plated Coupon at Top) Exposed
to 0.0100 Percent Weight Chloride (as Trityl Chloride) in Mineral Oil at 140°F for 24
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3. CANDIDATE SELECTION
a. Initial Screening

Increased bearing corrosion resistance can be achieved by using corroston resistant alloys or
by providing a protective coating or surface treatment to existing alloys. With either approach,
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hearing performance should at least equal the state-of-the-art bearing alloy, VIM-VAR M50. In
the initial screening and subsequent testing, candidates had to show superior corrosion
resistance, as well as equivalence in rolling contact fatigue, hot hardness, and wear resistance
compared to a VIM-VAR M50 baseline.

A

For the initial screening, the material reference resources and (in the absence of hard data)
the metallurgical experience of Pratt & Whitney, TRW Inc., and material supplier contacts were
surveyed.

For preliminary consideration, a list of 28 candidaies with potential for rolling element
bearing application was compiled. The list included some materials which were lacking in certain
state-of-the-art turbine engine bearing properties. These materials were included to ensure that
consideration was given to materials which potentially might benefit from coatings, surfuce
treatment, or other material processing.

y

LA LR N Y S ST TR ORI W R O X O Rl LN N L S e TR T

ﬂ:’::: Even as tne preliminary list was being generated, the candidates with the greatest and least
o potential for success were being identified. The first culling reduced the list of 28 candidates to
; 17 candidates. This ranking was based on obvious and inferred risks and deficiencies with respect :
i to hasic bearing material properties. I
ﬁ;‘ The list of 17 candidates is presented in Table 4. Th= list includes 8 alloys and 9 coatings. 4
' Seven of the eight alloys (MRC2001, RSR405, BG42, CRB7, WD65, and 14-4 Mo) are high iL‘
E . chrome martensitic steels. Studies conducted in the past several years (References 6 and 7) have k
Y | shown that high-chrome stainless steels, potentially suitable for high-temperature, high- ’i
performance bearings, can be developed. These steels achieve corrosion resistance by forming i
passive iron-chrome oxide film at the surface. They may be bardened by conventional heat treat v
techniques. Some of these alloys are currently used in rolling efement bearings. ‘.
;:
Powder metallurgy is an alternate processing technique with the potential tor signiticant r.
alloy modifications and microstructural improvements. Potenti.! benefits include finer and more
uniformly distributed carbides, better homogeneity of ailoying elements, and improved material h
utilization due to near net shape forming. :
Four of the alloy candidates considered were powder processed materials: MRC2001, L
RSR4105, WD65, and CRB7 (CRB7 was also considered in wrought form). MRC2001 1s an 5;
experimental alloy being developed for rolling contact bearing use. It had shown excellent |
corrosion resistance in preliminary tests at TRW. These tests ranked MRC2001, CRB7, WD65, {,
and M50 in corrosion resistance and included tests identical to the corrosion screening tests ;
performed in Task 1II of this program, as well as more severe salt spray tests. The properties of o
MRC2001, including hot hardness, were expected to exceed VIM-VAR M50. The RSR405 is a v
high chrome, potential bearing alloy which was investigated in a related P&W program, i
Appheation of Rapidly Solidified Alloys, Contract F33615-76-C-5136, Rolling contact fatigue test Y r
results from this program showed life equal to M50. In an earlier program (Contract F33615-75- ;:

C-2009), P&W demonstrated that powder processed CRB7 (AMS5900) had a rolling contact
fatigue life (RCF) at least equal to, and in most cases better than, M50 in single ball tests. A
concurrent rolling contact fatigue bar test perfurmed by the USAF also showed CRB7 to be at
least equal to M50,
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All the powder processed materials incorporated a degree of risk in that all were unproven
experimental bearing alloys, and that the process development and qualification procedures
required for production use of powder metallurgy bearings may exceed the 3- to 5-year
introduction goal.

Another stainless steel, BG42 (AMS5749), is potentially suitable for high performance
bearing applications. Pratt & Whitney has experience with BG42 bearings in the exhaust nozzle
air motor for an Air Force F100 engine. In this application, the BG42 bearings operate dry and at
a very high temperature, about 700°F. This environment differs radically from that of a
mainshaft bearing but it did demonstrate suitability of BG42 for production and for high .
temperature applications. Rolling contact element life tests comparing VIM-VAR BG42 and
VIM-VAR M50, (Reference 6) showed fatigue life at least equal to VIM-VAR M50.

The commercial availability and excellent prelimirary rolling contact fatigue results for
both CRB7 and BG {2 made those two high chrome alloys prime candidates for use in high
performance corrosion resistant bearings. Both alloys have demonstrated hot hardness equal to
M50 (References 8 and 9). In addition, these alloys are commercially available in wrought form
as is the currently used VIM-VAR M50.

A common high carbon stainless steel, AISI 440C is widely used in bearing applications, but
1s not suitable for gas turbine use because of poor hot hardness characteristics. The 14-4 Mo is a
modified forin of 440C. It has a molybdenum addition which improves the secondary hardening
characteristics and hot hardness. The alloy is commercially available, but has not had exiensive
development testing for rolling contact bearing applications.

An alternate approach to achieve corrosion resistance is a protective coating or surface
treatment applied to existing bearing materials. Coatings and surface treatments have the
distinct advantages of being applicable to existing bearings and requiring a minimum amount of

strategic elements. A successful coating or surface treatment must adhere to the substrate £
bearing material and endure millions of rolling contact stress cycles without impairing bearing bj
performance. Conventional electroplates and electroless nickel have failed due to inadequate f’;
adhesion, allowing peeling and chipping to occur in the contact area (Reference 10). Three E,
modern coating techniques were considered in this program, i.e., sputter coating, proprietary :
plating, and black oxide coating processes. Chemical vapor deposition processes were not !

considered because the high substrate temperatures required would have adversely affected
substrate hardness.

fon implantation is a surtace treatment that creates a surface alloy by injecting ions into a
substrate Depending on the ions and the substrate material, the resulting surface alloy can have
significantly improved corrosion resistance (Reference 5). The improved corrosion resistance of
Cr, Cr+ Mo, and Cr+P ion implanted M50 specimens vs baseline M50 has been demonstrated by
a joint Naval Air Propulsion Center/Naval Research Laboratory program. The improved
corrosion resistance was achieved without expense to the substrate bulk properties. By joint
USAF and P&W agreement ion implantation was not considered as a candidate to avoid
duplication of effort and to allow as broad a survey as possible of other potential candidates.
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Two proprietary plating processes were considered. Armoloy and Nobilizing have both
shown potential for use in rolling contact bearing applications (Reference 10). Both of these
processes deposit a thin (0.00005 to 0.00025 inch) coating of hard, dense chromium.

TRW Bearings Division has had good experience with Armoloy including ball bearings of
both 52100 and M50 steel 1n a variety of applications including an experimental gas turbine
engine. A partial listing of Armoloy-plated bearing applications is shown in Table 5.
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TABLE 5.

ARMOLOY-PLATED BEARING APPLICATIONS

Bearing Base Material Application Environment

7203 52100 Ice Cube Machine Water {

R4 52100 Flow Meter Sour (NaCLS) Crude ;

7224/7228 52100 Stirring Motor Polyethylene i
. R1907E101 M50 Exp Gas Turbine Engine MIL-L-7808

3109UK108 M50 Exp Gas Turbme Engine MIL-L-7808

2085 52100 Simulated Control Rod De-Jonized Water

Mechanism (Nuclear)

6730 i

Sputtering 18 a physical vapor deposition technique. The coating chamber i« evacuated to ;
eliminate atmospheric gases, then back-filled with argon to low pressure, 1 to 30 X 1073 Torr.
Figure 44l is a schematic representation of the radio frequency (RF) diode sputtering process. An
application of an RF potential of sufficient voltage to the target creates a plasma and accelerates
positive argon ions to the target which is the coating material source. This ionic bombardment
ejects (sputters) atoms from the target surface with sufficient energy to traverse the chamber,
impact, and hond to the substrate.
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. Figure 10. —  Diagrammatic Representation of the Radio Frequency Diode Sputtering

Chamber

Adhesion is achieved by promoting mnterdiliusion. This may be accomplished by controliing
substrate temperatures, which for bearing applications must be below the tempering tempera-
ture, and sputter etching of the substrate to remove impurities.

Almost all compounds and elements can be deposited by sputtcring. Pratt & Whitney nas
exten:sive experience with protective and wear resistant coatings iacluding TiC on 440C and
52100 balls (not rolliag element bearing applications, however). Selected initial candidate coating
materials are from two classes ot materials: (1) hard, wear resistant materials (chrome, chrome
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