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I.  INTRODUCTION

veneral Electric Company, under Contraet to NASA-Lewis Research Center,
has been conducting a progpram te luvestipate the rolling element fatigue
charavteristices ol advanced bearing and pear matevials.

Aviation transmission gvstems are expected to be operated at higher
temperature with fncrevased load capacicy,  This 48 o poencral requirement
toward bolter efficieney not only in commercial jet eoglnes but also special
enpgines in V/STOL or 887 alrveralcs,

AISL 9310 has been most widely used as a standard aviation gaar alloy
because of Its case of processing and exeellent case and core properties,
Howevor, Lt is Timited to applications where maximum vperating temperatures
do not exceed 150% ¢ (3007 1), There {s a definite need for higher tewmpera-
ture gear materials.  The materiels must be equal to or better than AIST 9310
in terms of performance and reliability at elevated temperature (200° € +).
Thete Is alse a need for good bhearinpg materials as well ads pood pgear wmate=-
rials due to increased use of fntegral beaving/pear designs, for example,
halicopter main rotor transmission syatems,

Slhaee there has not been a avstematle evaluwation ol rolling element
fatigue 1ife performance on various allers including newly developed mate-
rials, a majJor part of this etfort has been to study the rolling contact
Fatigue behavior under uniform, caretally controlled experimental conditions.

The eavlicr phases of thls siudy were concerned primavily with evalu-
ating the rolling element Tatlpue characteristlies and fallure modes of hollow
rulling 2lements.  Tocluded therein were fovestigations of through-hardened
and case carburized materials having various OD/ID wall thickness ratios. (1)
Additionally, work was also periormed establishing the el'feect of diffevent
material combinations on rolling element tatipue. These elferts comprising
of Tasks I through VIII ol subject contract, have been successTully completed
and have been reporeed, ¢

The purpese of thls interim veport is to document the work covered in
Tasks IX through XLIT (Februavry 1975 through April 1977) of the subject
contract (NASI-14302). 7The Tasks IX through X111 deal with the rolling
clement Tatlgue testing and subsequent metal lurgleal analvsias of gear mate-
rials, Reolling element Catlgue lives al eleven allovs were evaluated in
Phase [, The eflects of dilterent heat treating processes and additional
vacuunm melting processing on the fatigue llle of several carburizing alloys
were studied in Phase 11.  The roesules ave compared with the standard avi-
ation alleoys Loy bearings and gears, AISL M=50 and AITE Y310, respectively.



Eleven allovs were tested In the General Electric Rolling Contact (RC)
Several different heat t-catments and/or melting pro-
cesses have been studiced on some of the elazen alloys,
ges were made before and after the RC rig tests.
analyzed statlstically using the Weibull distribution function.
mental details are described in the following.

Fatigue Test rigs.

a) Tost Matoerials

11, EXPERIMENTAL

Eleven materials were tested In 17 test series as follows:

Test Series

Test Series

PHASE I

ADE
Materials

LV Buper Nitralloy
AMEANT tralloy 135
CVM Vasco Matrix 11
(VM AlSY 9310

C¥M CBS 600

CVM CBS 1000M

CVM ALSI W-1

CVM AISI 0-2

CVM ALSL §~2

CVM Vaseco X-2

CVM Nitralloy N

PUASE 11

Materials

AA
AB
AC
AD
AR
A¥F

*CYM - Consumalle vacuum melted.

VIM-VARY*¥ALIST 9310
CVM. CBS 1000M

CVM CBS 1000M

CVM CBS 600

CVM CBS 600

CVM CBS 600

(Vacuum arc remelted).

AYAM - Adr melted.

Hardeningy Process

Case nltriding
Case nitriding
Through~havrdening
Case carburizing
Case carburizing
Case carburizing
Through~havdening
Through~hardening
Through-hardening
Case carburizing
Case nliriding

Hardening Process

Case carburizing
Case carburizing
Case carbuvizing
Case carburizing
Case carburizing
Cage carburizing

CVM is also colied as VAR

FREYIM-VAR - Vacuum induction melted and vacuum arce vemelted,

W

Metallurglical analy-
Fatigue toest data were
The experi-



BY Retling vontaet Pacipue Festing

Relling vontaet tatipue tests wore comdocted in the General Fleetvle
Rotling Contact (B atfone Test Rips, Mhese RE rigs have been ased slnee
1947 to evaluate bearing pear alioes and materials Tabricant s fntoraet fons,

L ]

Photographs of RO vigs are shown dn Pieutes 1 oamd 0y The testing procedure Is
desmeribed fn Geperval Flevtvie Speciticat fon ailad amd atse (n Retovewee 1,

Fxperimental test conditions aeed o RO tips were as toblows:

Masimum Hevt s ian Stress A8 MPa o0 ke Y
Rolling Spoeed OO0 see A0 Infsed)
Tubvicant - MiL -1 808

Tewmperatur'e Koo b lent

Toad Ta applicd to proaduce herteian contact stress by elosing two fdenti-
val Ml em UL dne Y diameter tolters with g crown tading ot Oobg e
Woth fnY apadnst o evlindvical test bar e om0 inY long, 00980 en
WL AT L) diameter]s The sellovs are wade of OV MR M50, per AMS bV,
with a havdness of BRY od01,

Staunlfer Jdet 1 ohpeand (LT 78086Y o s supplied to the vontaet Ing
surfaces, bhotween rellees and speciven by advip teeding approximately 20 drops
per minute. Phvateal preperty data of the lubvicaunt e given (o Apperdix A,

Teat bars and rellers were tinishe ground to o surface roughneass of 0, 15
to 0,00 a0 to 8 pdng ) rms and V000 e 0,10 i (8 te 10 nin,) s,
respect fvely.  The composite suvtace rovgiumess, oo, is estimated using the
relat fonnhip:

where op amd ¢ are the surface reaghitesses ot the aating parta,  HBowever,
the sutrtace roughnesses vapidly chooye (o smoothel surtaces Jdatter a short
Period o testing times Consegquent v, the composite surtace vouphness (s
agswmed o equibibrate 1o 0,18 wm V0 wing) ras,

Chieny's Iurmuln\“ wat used teocaleulate the miondoum oil filwm thivkness,
by Assuming the temperature st lubricant o the contact area to be 38% ¢
OO BV the tilm chivhoess is 0,00 an (B0 nin Y. Therelove, the speeitie
Pilm thickuess vatio hypin 18 estimated to be o aboat 1.0, This Is conatdered

N
ta be pavtial elastehvdrodvnamice tabrvicat{on, typical of beaving and geav
applicat toas,

Failure mode observed o RBOF testing was of classiecal subsuviace {nitiated
Ltat Ipue spalling ov pitting, chavavteristic ot that observed in bearings and
pears, A volling tatipue tailuve ot RS 000 {s shown o Figure b as an
example,
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¢)  Metallurplcal livaluation of Test Materinls

Nardness in Rockwell ¢ (URCY converied from Rockwell 15-N was measured
on each test bar before RCY testing, Micvohardness measuvements were made Lo
determine the effective case depths, The effective case depth Is defined
ug the depth below surface at which havdness fs HRC 58. Conventlonal optical
metal lographic gpecimens were prepured to oxamine the microstructure hefore
and after the testing.

Volume percent of retalned aungtenlte was determined on the surface
of test spucimens whth an x-ray metallog:sphle technique. The technique
lnvolves the measurcment of x-vay peaks intensity diffracted from (200)
planes of austenite and martenslte structures. Chromlum Ky rvadiatlon at
50 kv was used to obtaln the x-ray diffracted penks.

d)  Fatlgue Data Analysis

Rolling contact futigue data were analyzed in the Welbull distribution
functlon and stattstleally congfdered in a wanner suggested by Johmson. (5)
The fatigue Life in nuwber of stress sycles as abscilssa versus the stotisti-
cal cumulative Tallures as ordinate wore plotted In the Wedbull probabllicy
graph., B-10 or B-50 lives arve deflned here as the number of cycles where 10%
or 50% respectively of the test populatlon ave expected te fail by spalling.
Since early fallures In contact fatlgue are much more significant in
crnglnecreng practlee, B-10 life was uged ag o eviterion to evaluate the
rolling contact Tatigue Life performance.



IT1.  RESULTS AND DISGUSSION

Ralling contact fatipue test results of all tests sories and of VAR AIRI
2310, as a baseline, ave preseanted In Appendix B, Covresponding Welhvt: plots
are nlso included 1o Appendix B, Appendix € cepresonts o summury al tean
results tor Phage T and IL In which B-10 Life, B=50 1Lfe, Weibull siogpe and
Callure index ave given. The fallure index is defined as number of faflures
out of total number of tests pevformed. Data for VIM=VAR AYST M=50 ave also
Included in Appendix ¢ as basceline. These are base’ on more than 250 tests
from 12 different heats which were heat treated to HRC 6331, A summary of
metalluegleal characteristics for Phase I and Y1 test materlals 18 given in
Appondix D,

Tor convenience, this chapter {s divided into Five scetions as follows:

a) ALSL 9310

) Cus 600

c) CBS 1000M and Vasca X2
d)  Nitviding allovs

o)  Through=hardening alloys

The resulis deserlbed ln Appendices are rvearvanpged accordingly.
a)  AISL 9310

Chemlcal compositions of AIST 9310 used in this investigatlon arve given
i Table 1., Table 2 gives the detalls of the heat treating process used lor
ALSI 9310, As shown {n Table 2, Test Series AA and baseline were heat t-eatoed
at the same tlwe under {dentical condlitions. The main object therein was to
find the elffect of double vacuum melting (VIM-VAR) versus single vacuum
melting (OVM) on rolling clement Catigue 1ife of AIST 9310,

Table 3 shows RCF test results and the Welbull plots of the results ave
presented in Figure 4, B-10 lives are also indilcated as o bar chart in Figuro
5.

Optieal photomicragraphs showing case and core wmlcvogstructures of Test
Series x and AA ave given {n Wigures 6 and 7. No notiecable differences In
aptical microstructure weve found between VIM-VAR AISY 9310 (Test Sovies AA)
and VAR AIST 9310 (baseline). Figure 6-(a) clearly shows that high retained
auntenite s pregsent in the case microstructure of Teat Serles x gpecimens
(comparve with Plgure 7=(a)). ‘The retalned austenite is secen as uneteched white
backpround phase. & summary of metallurgleal analysis of AIST 9310 tost
serles is gilvea 1o Table 4, Varlatlous ol the amount of retained austenite
present In the ecase structure were measuved to be 8,37, 11.2% and 20.1% for
Test Serles AA, bascline, and 2 rvespectively, Retained austerdite and melting
process seem to boe the only significant varlables influcncing rolling contact
fatigue 1ife behavior of AIS! 9310 under the present experiwental conditions
(see Table 4). DIfferonces among all the other important variables, for example,
hardness, effective case depth, ete,, are minimal,
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Table 3. Sumpacy ol ROF Test Resulin ot ALRL 4310,
Tout Molting | W=t Lite, B=4h0 Lite, Wedbull Fn{luru(“\
Sevles Provess | X 100 cyeled | X 100 eveles Slope Tadex
x VAR 13, B2 tl.h IR WY
Al VIM=-VAR N 2R 10, oh 2.bb UL
Basneline | VAR PR 9,403 200 10,14
) Number of tailures vut of total number ol tests,

Test Condit fonss

Smax (Max, Herts Stvress): G, 820 MMa (700 keid
Speeds 6,23 w/see (26N Indaoecd)

Lubricant:
Tomperature:;

Table 3

M=l 7808
Room=amb {ont

o Metalturpical Charactevistics ot Al81 ully,

Fttovt lvo Cane tory Retained
Tost Malting 1 Case Depth, Harduess, Hardnees, Austoenite,
Sories Provoess e ind JIINY HRC "
X VAR O, 70 (W, 0im o, al.Q A
A VIM-VAR | 0,80 (0,030 o}, 2 i, 8,1
Baso- VAR 0,84 (0,000 blon W, 1.2
1line

1
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B~-10 LiFE, X 106 CYCLES
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15

14

13

3
=N T

]

20.1%*

8.3%

11.2%
baseline

*Numbers represent the volume percent retained
austenite in the case structure.
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An dnerease o vetabned avstentte teom 11K to 20,1% Is acceompanied by
an improvement n rolling contact Catigue mmere than three tines) feom o, 18 x
LOv eveles to LiG8) x 108 eveles dIn B=10 101e,s Tt is tnteverting to note that
ne ditterence In rolling vontact fat{igue wag found between spectmons with 8, 3%
and LM vetained anstenlte. 10 wavy be that vetalned austtenite meat oxeeed
JO0% tooghow sianiticant ol tuenee o rolling contact tatigue,  This I8 In
poneral agreoment with Rern's roepart (0 that 19% to WL vetatned austenite 1n
cage gtructure s bepetfelal to volling contact tatigue of gearss 1t ix alse
kunown that vetaloed avstenite enlnves impact Fatigue, hitgh amd low evele
Uattgue, and toughoess of materiaiats=10),

Retained austendte fn proclaton beaving s kept at minfmal feeel wdten
Tosg than WY, This g bevanse votained austenfte s o to findoee uns
desivable dimensional Inatability. Retalned austenite transtormg (o mnten-
site under loading or at elevated fewpetature, causiog dimensional changes,
However, o gears, D0 may be posalble to alloe some amound ot retained
aastonite,  This s Jdue to the less streingent dimensiona] veguirements In pear
design than beariong destgn. The dimensional echange in expectaed to be negl -
pible because retained austenile oxiats most v pear surtace case stractare,
Tt was also sugpested that the cranstormat Ton vader loading may provide a
Favorable residual stvess disteibution against the suvtace Lat fyue dnmngu‘“‘.

1 s also appavent that double vacuum processmd ALST 210 (VIM-VARY does
not fmprove sipnit feantly vrolling contact Fatigue 1ife pertormancs over
single vacoum processed ATSD 9310, Thia s In contrvast to through-hacdened
ALST M-h0 whore VIM=VAR MSE M-n has twlee the tolling contact tatigue e
of VAR ALSL M=h0, Presenl results atse fndicate that ALST 2110 {8 equivatent
to or sHphtly better than VIM-VAR ASY M-S0, However, the difference between
VAR ATST w310 and VEIM=VAR M50 Ix atatistically Dnsivynitfcant,

) CRS ol

Chomlatey specilication tor CBR 00 i piven o Table S The chemieal
compositlion of UBS o) used in Test Sevies A, AR and AF, s given in Table o,
Chomistey For Test Scvies v (Heat @20 0978) i not avad lable,  Heat treatiog
procedure Tor the four gets of test serles are deseriboed n Table 7. Ut
should be noted here that the fwst treat procodure gsed tor Teat Series AP s
that recommondod by the material supplier,

Rotitng contact latipoe test resalis are sumnavicsod fn Table 8 and the
summary ol Welbull plots ds piven n Figure 8, Welbull plots of VIM-VAR ATSRT
M=A0 and VAR AISL 9310 ave alue included (o Figure 8, Plgure 9 shows Be10
Lives of CRR 000, VAR A8 930 and VIM-VAR ALSD Me%0 as o histopran.

Optical photomicvopvaphs are prosented o Figures 10 through By to show
the case and core mderostructure of CBS o0, Micvostructare obaerved o Test
Sevies v g showa in Figures 10, 11, aud 120 Core prafe atse s eatimated to
o ASTM #7 to B, 1t is also ueted that Piue networks of small coarbide
pavticvies were Tound te torm along the prior asatenite grain boundavies n the
case mlerostractuve ol Test Sevies v Fipure Uls@ad),  This s eleariy shown
at higher mapnitication (M{puve 12V,

Y



Pable v, Chemlagtey Specit leat fon tor RS o0,

Welght Perceatd

varbon M=
Manganoue O, atd=d, 20
Suttar 0L 00N max,
Phosphorus B0 max,
GE R RO O, 90a1, M4
Chuomiwm 1o h=1, 04
Mo lvisdenom 0,201, 10
lron Balanee

abhle oo Chemival Componition of VAR CHS
SO0 tor Test Servies AD, AR & AY,
cHeat Numbeyr MVow 8

tWeight Peveent)

Carbon 0.t
Hinganese ¢,
Phosplivrus 0, 0t
Sultuy AV
Rilteon 1.0l
Chiromiuwm 14
Nicked 8,21
Mo lvbdenum g, h
Coppor (LR A

Iron Balanee
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Heat Treating Procass for CBS 600.

Table 7.

Heat Test
Treating {Series v AD AE AF
Preheat 593° ¢ (1100° F) —— —_— —_—

30 minutes
Carburize 927% ¢ (1700° F) 941°/968° C {1725°/1775° F)

6 hours 13 hours, o0il quench Same as AD Sane as AD
Condition —— 621° C (1150° F) Same as AD Same as AD

4 hours, air cool

Austenitize 857° C (1575° F), | 829°/843° ¢ (1525°/1550° F) Same as AD Same as AD

0il quench

in salt 30 minutes, oil
quench

Deep f{reeze

-73° C (~100° F)
3 hours

-73% Cc {~100° F)
1 kour

Temper

182° C (3A0° F)
1 hour

1&2° C (360° F)
2+2 hours

316° C (600° F)
242 hours

Same as AE




Table 8. Summary of RCF Test Resules of CBS 600,
! )
Tost Molting B=10 Lire, B=40 Lite, Fniluro(“
Sories | Practice | x 108 eveles | x 100 ¢ ¢lan | Slope 1ndex
v ant) 1o Lo, 30 na | s/
\(“) t v _
Al VAR v, 1o 11,70 AL 8710
AL VAR ", 81 tr, o 2004 10410
AR VAR AL V.0l S0 10/10
LY Number of fafluves out of total mamber o toests,

MY Adr-melted,
(¢) Vaceum arve remetited.

Test Conditionst

Spax \Max. Hertz Stroess):

.23 mfgee LU dndsee)

MIL-1,~7808
Room=awb{ont

Spoed:

Lubricant:
Toemporatuve:

Gy 820 MPa (700 kau

149
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Cumulative Failure, Percent
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(Baseline)
Test Series AF —
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L e ..S -
s— Test Series AE
— <™ VAR AISI 931G -
B i ey inay (Baseline) =
Test Conditions:
Max., Hertz Stress: 4,826 MPa (700 ksi)
- Speed: 6.23 m/sec (245 in/sec)
Lubricant: MIL-L-7%08
B Temperature: Room~ambient -
1 1 1 I [ 2 | I 1 1 1 1 L1 1 ll 1 ] H
10 10’ 10°

Fatigue Life, Stress Cycles

FIGURE 8. Fatigue Life Comparisoun of CBS 600



B-10 LIFE, X 100 CYCLES
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No noticeable difference was Yound in optleal microstructure of Test
Series AD, AR, and AV, representative micrvostructure s shown {in Fipgures 13,
14, and 15, The I'ine carblde network observed do Test Series v was not lound
in Test Series AD, AE, and AV, indlcating carbon potential cmploved durlng
carburizing cycles was likely to be higher for the case of Test Serles vy, 1t
should be menticned here that the microstructure vhserved dn Test Series AD,
AR and AF 1s quite elose to the optimum microstrueture for bearing and gear
applications recommended by the material supplier{l1) | ¢BS 600 s known to
have almost 1005 wmartensite In the case, and martensive plus fervite in the
core when heat treated under the revommended procedure,  White acleular
phases in Flpures 4=(h) and 15=(h) are Indicated to be ferrite.

A summary of mivrostructucval amtlysls such as core grain size, case and
vove hardness, effective case depth and the volume percent of retalned
awstenite present in the case gtructure iz presented in Table 9,

It bs apparent [rom the test results that the velling contact fatigue
1ife strength of CBE 600 alloy is vquivalont to or hetter than that of VAR
AISL 9310 or that of VIM~VAR M-50., It s also found that the efifect of
difforent tempering temperatures cmployved and the Introduction of subgore
treatment on vralling contact Fatipue do not appear to be sipniticant,  The
reason iy attributed to the Vact that the variatfon uvsed was not extensive o
this Lovestigation,

Even though specimens from Test Series v have hipgher retained austenlte
and are alir-melted, no conclugive remarks can be made bocause the specimens
have higher (HRC 65) havdness than other three Test Serfes AD, AR and A,
However, there is a slight trond toward [ocrveased volliag contact tfatipue Lite
with fncrvasing retained austenite from 2 to 45, The trend s statistically
insipgntfleant, 1u appears that further study 18 needed Lo Fiad the efteet af
retafoned austenite 0 to 105 which 1s often present in actual applicat lons,

0) GBS LOOOM and Vaseo X=2

Chomical compositions of CBS 10099 and Vasco X-2 used In this study are
provided In Table 10. BRoth materia. . are recommended for continuous scvvice
up to 600° ¥ (316° €) in heaving and pearing applicatlons. Metallurpiceally,
case structuve of CBS 1000M and Vasco X~-2 can be sald to be comparable, As n
matter of fact, Vasco X~2 18 a devivative of A18T H=12 tool steel (5 Or -

1 Mo), bedng close to AISI H-12 with low carbon content. 1n GBS 1000M,
chromium is reduced to 1% to avold oxidation problems during carburlzing.
Three percent nickel is added for toughness and workabllity., Vanadiom is
mainly uged for gain refinement.

Table 11 desceribes the details of heat treatment used for GBS LO00M and
vasco X=2. CBS 1000M was triple tempered at approximately 10007 F (538° ) to
take advantage . a secondary harvdenlng effect, Vasco X=2 was triple-tempered
at 600° ¥ (316° Q).

Pahle 12 summarizes the results of rolling contact fatipue tests of GBS
1000M and Vasco X~2. Welbull preosentation of the results are given in Figuce



Table 9. Metallurgical Characteristics of CBS 600.

Case Core
Test Effective#® Case Retained Bardness Grain Size
Series Case Depth, Hardness, Austenite, HRC {ASTM Number)
7 0.76 (0.030) 65.0 8.7 £3.0 7~-8 -
AD D.84 (0.0G33) Al.7 £.3 41.0 7-8
AE G.84 (6.033) 0.3 3.4 41.0 7-8
&F G.76 £5.035) 681.A 2.1 41.0 7-8

*Depth below the surface at which BRC 38 oczcurs.

Table 19. Chemical Composition of CBS 10004 and Vasco X-2.

Test Test Alloying Element, percent by weight (balance Fe)
Series | Materials C S. Mn S P W Cr v Mo Co Ni Cu
z, AB VAR CES 0,135 ) 0.43 | 0.48 | 0.019 | G.01i8 | —-— 1,12 1 0.33 ) 4.77 | ~— 2.94 | 0.15
and AC | 19500
2 AR 0.12 0.88 {1 G.29 ) 0.008 | 0.012 | 1.32 | 4.85 | 0.42 | 1.34 { 0.02 | 0.06 | 0.09
VASCO X2




VIS

Table 11. Heat Treating Process for CBS 1000 & VASCO X-2.
VAR VAR VAR VAR
Heatr Test Materials CBS 10004 CBS 1000% £3S 1000 VASCO X-2
Treating \(Test Series) (z) (AB) (AC) (%)
Preheat 593° C (3100° F) 954° ¢ (1750° F) | 968° C (1775° F) 1010° € (1850° F)
2 hours 1 hour, air 1 hour in vacuunm, 2-3 hours in air
cooled inert gas quench
Carburize 927° ¢ (1760° F) 954° ¢ (1730° Fy 1% C (1725° F} 827% Cc/934° C
6 hours 11 hours | 1% hours, drop to | (17067 F/1750° F)
816° C {1560° F),
0il guench
Reheat 788% C (1450° F) ——— 81A% € (159G° F) —
30 minutes,
rapid inecrease
to 1107° C
(2925° F)
sustenitize 1107 € (2062537 F)| 1093° ¢ 206057 F)| 16093% F 12655°% F) 16515° € (1559° F)
o0il quench salt quench 5352° C| 1 hour, =il guench
(1625° F), air
cool
Temper —— e 371° ¢ (705° F) _—

1 hour

Deep Freeze

~73° C (-168° F)
3 hours

=73 € (-1G0° ¥)
1 hour

Temper

566° C (195D° Fj
24-2+2 hours

338°% C (1099° F)
24242 hours

538° ¢ (1GGH® ¥)
24242 hours

Temper 316° C
(6060° F)y 242+2
haurs




Table 12,

Summary of RCY Test Results of CHBS 1000M and VASGD X=-2.

Test Test B-10 Life, B=-10 Life, Weibull Fnilur?kn)
Series | Materials [ X 100 cycles | X 100 eyeles Slope Index
z VAR
CBS 1000M 1.00 *1.99 2,73 20/20
AR VAR
GBS 1000M 2,71 b, 22 2027 10710
AC VAR
CBS 1000M 211 4.0 2.849 10/ 10
§ VAR
Vasco NX-2 6.31 15.13 2010 20/20

(a) Number of faillures out of total number of tests,

Test Conditions:

Max. Hertz Stress:
6,23 wfsee (245 infsec)
Lubricant:

Temperature:

Speedy

4,826 MPa (700 ksi)

MIL-1.-7808
Rogm=ambiont




16 where the data for VIM-VAR AISI M-50 and VAR AIST 9310 are included for
comparison. B-10 lives of CBS 1000M, Vasco X-2 and basellne data of the VIM-
VAR AISI M-50 and VAR AISI 9310 arc compared in a bar chart in Figure 17.

Tt is shown within the range of the present experimental condltions that
VAR CBS 1000M is inferior to both VIM-VAR AIST M~50 and VAR AISI 9310 while
Vasco X~-2 is better than the baseline materials, Direct comparison between
Vasco X~2 and CBS 1000M, however, appears to be invalid because of their
differences in the amount of retained austenite present in the case structure,
The superior performance of Vasco X-2 is c¢itributed to the excessive amount of
retained austenite (22%) (Table 13). It is noted that if these materials are
used for rolling element bearings, such high retained austenite may not be
desirable,

A summary of metallurgical analyses on CBS 1000M and Vasco X-2 is given
in Table 13. Optical wmicrostructures of these materials are shown in Figure
18 through 22, It is interesting to note that a microstructural transforma~
tion was observed in CBS 1000M due to rolling contact fatigue. This is
clearly shown in Figure 21, The microstructural change was observed at about
0.18 mm (0.007 in.) below the surface., Tt is consistent with the distance
from the surface where maximum shear stress exists in the specimen. No
microstructural changes were observed in all the other alloys used in the
present investigation. The reason for this is unknown. The evidence for
high retained austenite found in Vasco X-2 is shown in Figure 22-(a).

d) Nitridiog Alloys

The chemical compositions of nitriding alloys, VIM~VAR Super Nitralloy
AM Nitralloy 135 and VAR Nitralloy N are described in Table 14, Table 15 ’
illustrates the heat treating details used for the alloys. An additional
tempering at 593° € (1100° F) for four hours was given to heating treating of
VIM-VAR Super Nitralloy, This temper reduces core hardness from HRC 50 to HRC
42, The results of rolling contact fatigue tests on nitriding alloys are
summarized in Table 16, Tigure 23 shows the corresponding resulits plotted
graphically on the Weibull coordinates. B-10 lives are compared as a bar
chart in Figure 24. 1Included in Figures 23 and 24 are the test results on
VIM-VAR AISI M-50 and VAR AISI 9310.

It is apparent from the above results that the rolling fatigue life of
these nitriding alloys, VIM-VAR Super Nitvalloy, AM Nitralloy 135 and VAR
Nitralloy N is inferior to VIM-VAR AISL M-50 and to VAR AISI 9310.

Figures 25, 26, and 27 are optical micrographs showir case and core
microstructures of VIM-VAR Super Nitralloy, AM Nitralloy 135 and VAR Nitvalloy
N, respectively. Delineated formation of nitrides, along grain boundaries
are evident in nitrided case structures of the alloys investigated, The ’
preferential formation of nitrides is, in general, a common phenomenon in
nitriding alloys.

i
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Cunmulative Failure, Porcent

90

80

70

50

a0

40

20

G N 1 0w

(9]

L | ) | I ¥ LI l T L] | [ | [ | ¥ | ) l’ il L] ¥ [ ¥ L L §
— VAR CBS 1000M -
(Test Series z)
B -
VAR CBS 1000M "%
B {(Test Series AC) -
— - [ VAR AISI 9310 =
{baseline)
VAR CBS 1000M =
(Test Series AB)
3 —~ VAR VASCO X-2 ]
(Test Seriesﬁ
VIM-VAR AISI M-50_r
(baseline)
— o
Test Conditions;
- Max. Hertz Stress: 4,826 MPa (700 ksi) =
Speed: 5.23 m/sec (245 in’sec)
= Lubric at: MIL-L-7808 -
Tempzrature; Rooz-avbient
1 I i3 llll[ 1 1 11*111] I 1 1 1.1 1
109 105 107

Fatigue Life, Stress Cycles

FIGURE 1&. Futigue Life Ceonparison »f CBS 1000 z2nd Vasce X-2
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Table 13. Metallurgical Characterdsties of CBS 1000M and Vasco X-=2.
Effective Case Coro Retained
Test Test Case Depth, Hardness, Hardness, | Austenite,
Series | Materials mm (in) HRC HRC A
z VAR
CBS 1000M | 0.75 (0.030) 60,1 45.0 N.D.
AB VAR
CBS l1o0GM | 1.09 (0.043) 6L.A 47.0 1.7
AC VAR 0.76 (0.030)
CBS 1000M 60.9 47.0 0.4
8 VAR
Vasco X2 | 0.89 (0.035) 60.0 43,0 22.0
N.D.: Not-Detected
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Figure 18. Optical Microstructure of CBS 1000M. Test
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Figure 21, Optical Micropgraphs Showing Fatigue Soalling and

Styuvtural Change in CBS 1000M (Test Series AC)
After 6,14 x 100 Cyeles of ROE Testing (Coneluded).
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Table 14. Chemical Composition of Nitriding Alloys.
Test Alloying Element, percent by weight (* 2lance Fe)
Serics | Test Material C 5i Mn 5 P Cr M RE Al Cu
u VIM-VAR 0.24 | 0.22 | 0.25 | 0.003 | 0.005} 0.58 | 0.26 | 5.16 | 2.06 | —-
Super Nitralloy
v AM Nitralloy 135 0.41 | 0.34 | 0.63 | 9.012 | 0.010 | 1.63 | 0.39 | 0.21 | 1.04 | —-
£ VAR Nitralloy ¥ | 0.25 | 0.24 | 0.58 | 0.003 | 0.004 { 1.18 | 0.27 | 3.54 | 1.22 | 0.06
Table 15. Heat Treating Process for Nitriding Alloys.
VIM-VAR AM VAR
Heat Test Materials | Super Nitralloy Nitralloy 135 Sitralloy N
Treating \ (Test Series) {u) (v) {c)
Preheat 927°¢ ¢ (1700° F) —_— _—
15 minutes, AC to RT
Austenitize 899° C (1450° F) 927° € (1700° F) 899° C (1650° F)
oil quench ocil quench 0il quench
Temper 566° C (1050° F} 659° C (1200° 7) 649° C (1200° F)
8 hours 1 hour 1 hour
Kitride 527° C (930° F) 527° C {(980° F) 327° C (980° F)
72+72 hours 72472 hours 72+72 hours
Temper 593% ¢ (1100° F) _— —_—
4 hours




Table lb,

Rugtimary al ROPF Test Results ol Nitriding Allovs,

Test Test Matevials B=-10 Lile, B-H0 Lite, Weiball Fd(lurvkn)
Series | (Melting Process) | s 100 cveles | x 100 eyeles Rlope Tndex
u Super Nitealloy 200 q.08 .80 /00
(VIM=VAR)
v Nitralloy 115 o3 how? 1,6l W/ 30
(Al Molted)
v Nitrailoy N o 30 q,ul 2oal /20
(VM)

(a)  Number of fallures out of total number of tosts,

Test Conditions:

Max. lloets Stress:

Speod:

Lubricant;
Temperature:

A, 80 M (700 ksi)

b, 23 m/see (295 {nfsee)
bixL‘" [ - ?BOB
Roome-amb font

R




rr

Cumulative Fallure, Percont

95

380

80

70

80

50
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N =N oo
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| N ¥ : L L] l ¥ ¥ | § [ LR | il Ll T “T T I T
- -
VIM-VAR Super Nitralloy
e j —-J
(fest Series u) VIM-VAR AISI M-50
{baseline)
- -
- -
B AM Nitralloy 135 =—— *}I;ai‘ging:;’m
(Test Series V)
- —
FIGURE 23. Fatigue Life Comparison
VAR Nitralloy N of Nitriding Alloys:
(Test Series € ) T
VIM-VAR Super Hitralloy(Test Series u),
AM Nitralloy 135 (Test Series v),
VAR Nitrailoy N (Test Series €}, -
E VAR AISI 5310 (baseline) and -
= VIM~-VAR AISI M-50 (baseline) ﬂ
-
— Test Conditions: =
= Max. Hertz Stress: 4,826 MPa (700 ksi)—
Speed: 56.23 m/sec (245 in/sec)
r‘ Lubricant: MIL-L~7808 -
Tenperature: Room-auwbient
i i TS S S 1 li]g 1 1 ] N T W | |l i 1 1 L 2 L L1
10° 10 107

Fatigue Life, Stress Cycles

Figure 23, Fatigue Life Comparison of Nitriding Alloys



B-10 LIFE, X 106 CYCLES

st

10

baseline
Test Series
4 €
v
VIM-VAR AM VAR VAR VIM-VAR
Super Nitralloy Nitralloy AISI 9310 AISI M-350
Nitralloy 135 N

FIGURE 24.

B-10 FATIGUE LIFE COMPARISON OF NITRIDING ALLOYS
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Table 17 1o an outtine of metalturgtical characteristics o nitebding
allova, Etfective cane depthy were measured to be 0,40 mm (0.01% fneh) atter
144 hours (220 2D vlteidiag at 27 ¢ (980" ), 4.8 volume porcont of
retalned austenite was present In the case surlace of Super Nitralloy., Re=-
talned austenite was not detoeted o both Nltealloy 11 and Super Nitralloy,

The shallow cage deptha and/or the preterent ol gegregation of nltrides
on grale houndartes perpondicutlar to dittuglon direction could contribute to
the poor rolling contact Fatigue perlormance of nftriding alloys,

1t haw beoen found that o ndtrlded case can be renlivided at highor (1,e,.,
BO%) dissociation ol smmonia (NHY) . The renltridiag eyele [heveases the case
depth and also geems to eliminate the envelopwent ol graln boumda-los with
nitridest12), Dlgadvantagen of ntteiding are: (1) the oxeesaive nitrlding
Clme (L0 4 houra) and () the tormation of white laver phases. A more proecent
procesy known an Ton=nitreidiag Ts sald Lo overcome these pruhlumn(11)- lTon-
nitrided materials show fmproved fatigue strength and the white laver control
{8 vaglor. Showee Jonendtriding uses loss encrpgy and nftedding time with
advantapes 1o mechanival wear propertion, the proveas appears to be atteact [ve,

¢)  Through-Havdening Al loys

Four through=havdening alloys, VAR Vadgeo Matvix T, VAR ATST Wel, ATST (=2 and
AIST 8=2 were lavestipatod.  Table 18 gives the chomleal compoaition of the
alloys.  AISYI W=1, AIST 0-2 and AISE 8= are low alloy steels. Vasco Matrls
1T hag a high allov content with 0,.55%% carvbon plug nearly 20% alloving element s, o
Tts metallurgical characteristles ave sfmilar to AIST M=50, ATST T=1 and other
high speed tool steels,  Heat treatiopg processes lor Lthe through-havdeniag
alloys are deseribod In Tabple 19, As shown in Table 19, ATS1T W=1, AIS1 O=-i
amd ATST §=2 were tomperated at Tow tewmperature becavse of lean alloving olements,

Table 20 is o summary ol the tesults frem rolifng contact latigue tests
on throwgh=hardening allegs,  The vesults are atso plotted o the Welbull
functton as sahowe In Flpare 28, As proviously, the resulte ol VIM=VAR AIST M-
O and Crom VAR ALSE 9310 are Ineluded fn Figure 28 lor comparisea.  B-10
Livos ol these are plven as a histogram {n Flgure M9,

The above reselta ludicate that VAR ALST W=1 and VAR ATST O=2 are
guperlor to VAR Vasca Matrix T, and fs equivatent to VIM=VAR AIS1 M-L0 and
VAR ALST 9310, and VAR AISL S=-2 I8 also indicated to be intevior to VIM=VAR
AIS1 M=50 and VAR ATST 9310 (o volllng contact latigue Lle perlormauee,

Moderate slze corbide particles and Uine gratus observed in Vasco

Martix Il ave shown in an optical wmlerograph (Figuve 30). Optical mievo-
structures of ALST W=1, AIST 0=2, and ATSL 8-2 are shown n Mguves 31, 32,
amd 33 vespectvely, A velatlvely high density of inclusglons was tound in
AISY 8=2, Poor rolling contact fatlpgus test vesults of ALSE 8=2 mav be walnly
due to the faclusimms tound o the microstructure,  Hardness and the amount of
rotalned austenlie are deseribed 1o Table 21, Relatively blgh amouut of
retained austoenite, b, and 9.6% respoctively, was Tound In AIST W=-1 and

ALST O-2, Phits may account Cor the loager Tives observed In these alloy than

18
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Table 20,

HelR Tout Resulta of Through-tardening Allova,

Tont Teut R=100 Litw, =50 Lite, Wuibull Fnllurut“)
sovios Materials X T eweles x LY evelen Slupe Tndox
w VAR Y.on .01 Jo 4 a0
Vaseoe Matrix 11
W VAR 5, Y 19, 68 1,498 12220
Al18]1 W-~1
B VAR B, 10 18, /0 1,44 taZd
ALST (32
¥ VAR 1,21 bl ) AV}
Alsl 82

ta)  Number ol talluves out of tatal mamber o

Max. Hertz Stress:  G,.820 MPa (200 kald
Spead:  b.23 mdsoe (24h nfaoe)
Tabricant:  MU-~1=7808

Temperature:  Roow-awb oot

Table 21,

(A SN

Motallurgicval Characteristties ol Through=Hardenlug Alloysa,

Townt Tent Hardness Ret o Unand
Soerfes Materials HRY Austenite, %
w VAR b2vh 1,2
Vaseco Matrix 11
I\ VAR nl, 2 b.b
AIST W1
$ VAR oS, 3 g.n
ALRT (=2
3 VAR TN 1.2
ALST 8=

a2
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Cumulative Failure, Percent
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VAR AISI 0-2
— VAR AISI 9310 ——7 {Test Series R) ™
(baseline)
£ VAR AISI w-~1
(Test Series o)
VAR AISI S5-2
(Test Series x) >

e VAR Vasco Matrix I1 / —
— (Test Series w) -
B // Test Conditions:
o —

Max. Hertz Stvess: 4,826 MPa (700 ksi)
— ' Speed: 6.23 m/sec {245 in/sec) -

Lubricant: MIL-L-7808

Temperature: Room-ambient
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Fatigue Life, Stress Cycles

FIGURE 28, Patigue Life Comparison of Through-Hardening Alloys



B-10 LIFE, X 10° CYCLES

n

Test Series

FIGURE 29.

o
B
baseline
w
Y
VAR VAR VAR VAR VAR VIM~-VAR
) Vasco AISI W-1 AISI 0-2 AISI S5-2 AISI 9310 AISI
Matrix I1 M-50

B-10 FATIGUE LIFE COMPARISON OF THROUGH-HARDENING ALLOYS
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Eigure 30, Optical Microstructure of Vasco Muteix 11,
Fosy Beries w,
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Figure 31, Optical Microstructure of AIAL W1, Test
Series o,
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Bigure 50,
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Figure 35, Ot I Microstrueture of ALSD
-




VIM-VAR ASI M-50. As wentioned previous.y, these high percentage of retained
austenite may net be desirable for rolling element bearings.



alloys.

IVv. SUMMARY AND CONCLUSIONS

Rolling element fatigue lives were evaluated with eleven alloys in the
General Electric Rolling Contract (RC) rigs. Several different heat treat-
ments and/or melting processes have been studied with three carburizing

Metallurgical analyses were made before and after the RC vig tests,

Test data was statistically analyzed using the Weibull distribution function.
The results were compared with the standard aviation alloys, VIM~VAR AIST M-
50 and VAR AISI 9310, The following conclusions were obtained,

For AISI 9310

Rolling contact fatigue life of VAR AISI 9310 is equivalent to or
slightly better than VIM-VAR M-50,

It was found that double vacuum process did not improve rolling
contact fatigue life over single vacuum process in AISI 9310,

It was also found that rolling contact fatigue life is dependent on
level of retained austenite present in the case structure. In the
range of 10 to 20 volume percent retained austenite in the case, B-
10 1ife of AIST 9310 was shown to be increased more than three
times, from 4.18 x 100 cycles to 14.82 x 106 cyeles. Little change
ir rolling contact fatigue lifc was observed between specimens with
8.3 and 11.2 percent retained austenite.

Fox CBS 600

Rolling contact fatigue life performance of CBS 600 was found to be
equivalent to or better than that of VAR AISY 9310 and VIM-VAR AISI
M-50.

The effects of different tewpering temperatures employed and the
introduction of freezing cycles on rolling contact fatigue do not
appear to be significant. The reason is attributed to the fact
that the variation employed was not extensive in this investipa-
tion.

For CBS 1000M and Vasco X-2

60

VAR CBS 1000M is inferior to VIM-~-VAR AIST M-50 and VAR AIS 9310,
while VAR Vasco X-~2 is superior to the two base materials. The
superlor performance of Vasco X-2 is attributed to the excessive
retalned austenite present in the case microstructure.



For Nitriding Alloys

® Rolling contact fatigue life performance of nitriding alloys, VIM-

VAR Super Nitralloy, AM Nitralloy 135 and VAR Nitralloy N is inferior
to VIM-VAR AISI M50 and to VAR AISI 9310,

For Through~Hardening Alloys

. VAR AISI W1 and VAR AISI 0-2 are superior to VIM-VAR AISI M-50 and
VAR AIST 9310 in rolling contact fatigue performance,

. VAR Vasco Matrix II is found to be aguivalent to VIM-VAR AISI M-50.
) The rolling contact fatigue life behavior of VAR AISI 5-2 is found

to be infarior to that of VIM-VAR AISI M-50, This may be duc
to the high degree of the inclusions observed.



10.

11.

12,

13.
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VI, APPENDICES

Appendix A

Table L2. Physical Properties of Lubricant, Stauffer Jet I.

(MIL-L-7808G)
Kinematic Viscosity, cs Source
-20° ¥ 480.0 (2)
100 l4.76 (1)
210 3.70 (1)
400 1.2 (2)
Fire Point, ° I 490 (3)
Flash Point, ° ¥ 425 {1)
Pour Point, ° F Below ~-75 (1)
Specific Gravity, 60/60° F 0.950 (3)
Vapor Pressure, mm Hg
100° ¥ ca, 10~ (4)
K I o 0.88 (4)
4007 v L1.45 4

Specific Heat, Btu/lbh-° F
100° F 0.470 (2)

(1) Batch 3%y

(2) Vendor .ita, Extrapolated or Interpolated
3) Vendor Brochure

(4) AT Drra



Appendix I

Table A Redliog Contact Faifgue Tests - VIM VAR Super Nltral loy,

(et Berfes wd

Tonl Comd (tous

Smas "~ Ayl Mt LM00 e fabrivantt MIL-1- 7808

spoed = 0000 miers G Tndsee) Tempoeratured  Rooneamb{ent
G 00 evelos/min )

Font Numboer Stress Uveles (o aflure
1 a0 e, 000
s Sy R, oo
i 1, 8%, 000
" 1, 10, 140
R R CR LY
1§ boonhg, oo

1,8, 180

8 B, 000, 00

9 AR LT A
1 3, 98", L
11 1,80, 100
A day 1A, 0o
11 SLad, Boep
14 TN
In LS00
12 2,708,000
1; Jou9 L, o000
I8 27 G000
tu OB, 00, N0
S0 O, RO

Weiball Analw

i
Aty Ay pfimiozr s e e 2o N ngap—
B0 titer o s 100 v ton
Won) 1Mo 4,09 5 109 sveles
h’ll‘l‘(‘: r‘(u‘lu

al



Table 24. Rolling Contact Favigue Tests - Air Melted, Nitralloy 135,

(Test Sevies v)

Test Conditions
Smax = 4,826 MPa (700 ksi) Lubricant: MIL-~1-7808

Speed = 6.23 m/sec. (245 in/sec) Tomperature: Room-amblent
(25,000 cycles/min.)

Tegt Number Stress Cveles to Fallure
1 8, 608, 300
2 3,641,600
3 7,772,640
4 8,706, 600
5 7,397,000
6 2,467,840
7 1,732,600
8 7,748,600
9 2,566,640

10 3,686,400
11 4,520,200
12 5,639,340
13 19, 583,600
14 5,557, 200
15 4,05%,120
16 1,819,900
17 4,873,200
18 586,920
19 2,195,600
20 7,160, 600
21 4, 281,000
22 6,513,310
29 3,788,400
24 2,323,240
25 2,591,560
26 953, 400
27 2,758,000
28 5,236,280
29 4,028, 20¢
30 3,466,520

Weibull Analysis

B-10 Life: 1.43 x 100 cycles
B=50 Life: 4.37 x 10% cycles
Slope: 1.68




Table 25, Rolline Contact Fatigoe Tests - VAR, VASCO Matrix 11,

(Test Serles w

Teut Cond it Jons

Smax ™ 4,820 MPa (700 ksi) lubricant: MIL=1-7808
Speed = 6.23 mfuec. (45 In/sed) Temperaturet  Room=ambient

(245,000 cyeleos/min)

Test Numboer Stress Uveles tou Fallure
1 6, 131, 200
2 7,356, 600
3 16,001, 400
4 b, 18N, 000
4 it 000
b h, 301,980

2,275,400

8 8,111,400

9 1h, 953, 0

10 A,a42, 200
11 10, 240, 400
12 Lo, 798, 200
13 17,420 9200
14 2,745,800
15 7,169,850
la 10, 600, B0
17 751949, 200
1¢ J, 803,000
19 6,812, 600
20 0, Bh2, 600

Weibull Analvais

B=10 Life:r 3,60 x 10® oveles
B~50 Life: B.03 x 100 oveles
Slope; A

a6



Table 2b.

Rolling Contact Fnblﬁga Teats - VAR, ALSI 9310.

Test Conditions

Smax

(Test Series x)

= 4,826 MPa (700 ksi)

Speed = 6.23 mfsee. (245 in/sec)
(25,000 cyclea/min.)

Tost Number

A —————————T——

17
18
19
20

Weibull Analysis

B-1Q Life:
B=-5Q Life;
Slope:

14.82 x 100 eycles
61.50 x 108 cycles

1,32

Tubricant:

Temperature:

Stress Cyeles to Fallure

18,885,000
37, 222,200
36,117,080
18,622,600
17,982, 600
36,669,000
34,875,000
16,965, 000
36,008, 400
36, 235, 400

6, 204, 000
36,057,080
29,134, 600
36,142,000
36,099, 380
36, D44, 000
37,971,600
36,072,000
36,830,400
37,323,500

suspended

sugpended

suapendaed

suspended

suspended

suspended

suspended

suspended
sugpended
suspended
sugpended
suspended
suspended

suspended

MI1-1-7808

Roon~ambient



Table 27, Rolling Contact Fatipue Tests = Alr Meltoed, CBS o0,

(Test Sevies v

Tost Condlcions

Smax * 4820 MPa (700 ksi) Lubr{cant s  MIL=1~7808
Speed = 0,23 mfzoe. (245 Infaed) Temperature:  Room-ambiont

(25,000 eveles/nin,)

Tost Number Streus Uveles to Fallure

1 8, 040,000

2 11, 99 304

1 V3,082, 1A

4 18,08, 500

5 LIRS B

O 18, 205,000

7 17,098,800 suspended
8 2,16, 200

9 10,915, (WD
10 I, 004, 400

11 15,0071, 200
12 12,557,700

13 N, 000, 00

1 30,002,400 suspended
15 19, gh8, 700
1t 18, 825, 200
17 17,827,540

R 11,601, 400

19 15,4073, 160
20 20,801,700

Woibull Analvsis

B-10 Life: 7.21 x 10Y evelos
B=50 Lire: 16,39 x 100 cveles
Slope: 2.0




Table 28,

Rolling Contuact Futiggg Tests - VAR, CBS L00QM,

Test Conditions

(Tesat Series z)

Smax = 4,826 MPa (700 ksi)

Speed = 6.23 w/sec. (245 in/sec)
(25,000 cycles/min.)

Test Number

1

W~ W By W

B e e B b p
B & W N MO

16
17
18
19

Welbull Analysis

B~10 Life:
B~50 Life:
Slaope:

Stress Cyeles to Failure

Lubricant:

Temperature:

"fI.L "‘L"‘ 7 80 8

Room-ambient

1.00 x 100 cycles

1.99 x 106

2.73

cycles

1,879,000
3,160,120
2,324, 400
2,386, 540
1,145, 200
B2 -
1,465.
1,333,700
2,624, 200
1,598,700
1,727,800
1,924,740
3,404,000
1,762,320
2,566, 880
1,780,200
2,172,200
2,660,000
1,640,080

B9



Table 29, Roelling Contact Fat.pue Tests ~ VAR, AIST W-1.

(Tost Serles a)

Tegt Conditions
Smax 4,826 MPa (700 ksi) Lubricant: MIL-L-7808

Speed = 6.23 mfsee. (245 in/scc) Temperature: Room-amblent
{25,000 cycles/min,)

Test Number Stress Cycles to Tailure

1 16,027,400
2 9,708,000

3 35,942,480 suspended
4 12,432,000
5 34,100,000

) 36,508,000 suspended
7 16,279,000
4, 781,800
17,056,020
10 30,450,800
11 15,549,000
12 17,260,200

13 36,489,700 suspended
14 2,658,600
15 10,877,600
16 22,950,000
17 18,878, 400
18 11, 266,600
19 23, 640,000
20 34,528,600

Wedibull Analysis

B-10 Life: 5.95 x 100 cycies
B-50 Life: 19.68 x 100 cycles
Slape: 1.58




Table 30, Rolling Contact Fatigue Tests - VAR, AISI 0-2,
(Test Series R)

Test Conditions
Smax ™ 4,826 MPa (700 ksi) Lubricant: MIL-1.-7808

Speed = 6.23 m/sec. (245 in/sec) Temperature: Room-ambient
{25,000 cycles/min,)

Test Number Stress Oycles to Failure

1 10, 805,000

2 19, 800, 000

3 36,270,700 suspended
4 11,199,000

5 13,320,000

6 14,764,380

I; 15,990,000

8 2,043,000

9 36,470,460 suspended
10 18,482,200

11 16,175,000
12 37,951,180 suspended
13 19,855,000
14 1,909,500

15 37,530,940 suspended
16 6,278,400

17 35,610,000 suspended
18 8,726,460

19 26,850,000
20 . 37,128,500 suspended

Weibull Analysis

B-10 Life: 5,10 x 106 cycles
B~50 Life: 18.70 x 106 cycles
lope: 1.45
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Table 31.

Rolling Contact Fatigoe Tests — VAR, AISI S-2,

(Test Series v)

Tegt Conditlions

Smax = 4,826 MPa (700 ksi)

Speed = 6.23 m/sec, (245 in/sec)

(25,000 cycles/min.)

Test Number

1

2

WwWOoom N Sy W

10
11
12
13
14
15
16
17
18
19
20

Weibull Analysis

B-10 Life:
B-50 Life:
Slope:

1.23 x 100 cycles
5.41 x 100 cycles
1.27

TLubricant: MIL-L-7808

Temperature: Room-ambient

Stress Cyveles to Failure
6,210,000
4,430,000

13,067, 400
11,275,000
1, 200,n00
26,525,420
2,385,000
4,865,500
7,533,820
5,805,000
1,305,000
19,353,920
4,860,000
11,895,000
6,298,820
7,230,000
4,275,000
1,673,800
2,477,400
3,240,000




Table 32.

Rolling Contact Tatigue Tests - VAR, VASCO X-2,

Test Conditions

Smax

(Test Series &)

= 4,826 MPa (700 ksi)

Speed = 6,23 m/sec. (245 in/sec)
(25,000 cycles/min.)

Test Number

AT- T B - Y I ™ 2

I sl e o~ i ol i =
ST R R R N e VI I =

Welbull Analysis

B-10 Life:
B-50 Life:
Slope:

Lubricant:

Temperature:

MIL~L-7808

Room-ambient

Stress Cycles to Failure

6.31 x 106 cycles

15.13 x 106

2,16

cycles

7,288,200
20, 600, 600
28,898, 200
6,562, 800
9,999,800
22,051, 200
5,440, 200
10,905,000
31, 485, 360
12,797,800
15,856,000
30,608, 620
14,385,200
21,694, 640
17,058, 800
13,883, 500
8,488, 600
%,511, 600
16,192, £00
15,664, 200

73



Table 33, Rolling Contract Fatigue Tesi - VAR, Nitralloy N,

(Test Sovies o}

Test Conditlons

Smax = 4,826 MPa (700 ksi) ubrleant: MUL-L-7808
Speed = 6.23 m/see. (245 in/sec) Teyperatured  Room—ambient
(25,000 cycles/min.)
Test Number Styess Cyveles to F“’Eiﬂﬁ

1 7,845,000

2 7,899, 400

3 2, 265, 600

4 4, 980, 000

5 5,408, 400

6 7,804,000

0, 585,000

4,510,800

7,066, 460

10 4,155,000

11 5,370, 600

12 3,496, 040

13 1,875, 000

14 5, 340,000

15 2,125,380

16 4,025,000

17 7,995,070

18 2,404,940

19 5,465,000

20 3, 600, 000

Weibull Analysis

B~10 Life: 2.30 x 10? cveles
B~50 Life: 4.90 x 10 cycles
Slope: 2,48




Table 34, Rolling Contact Fatigue Tests -~ VIM=VAR, AIST 9310.
(Test Series AA)

Test Conditions
Smax = 4,826 MPa (700 ksi) Lubricant: MIL-L~7808

Speed = 6,23 m/sec. (245 in/sec) Temperature: Room-ambient
(25,000 cycles/min.)

Test Number Stress Cycles to Failure
1 10,920,000
2 18,650,000
3 8,895,000
4 7,830,000
5 7,950,000
6 9,345,000
7 6,600,000
8 7,920,000
9 9,870,000

10 19,170,000

Weibull Analysis

B-10 Life: 5.25 x 106 cycles
B-50 Life: 10.65 x 10 cycles
Slope: 2,66




Table 35, Rolling Contaet Fatipue Tests - VAR, CBS JOOOM%,

(Test Series A

Test Comditiona

Smlﬂ = 0,820 MPa (700 ksi) Labricant: MIL-1-7808
Speed = 0,23 m/sec, (255 In/sec) Tomperature:  Reom-ambient

(25,000 eveles/min,d

Test Number Streas Cveles to Fallure
1 3,630,000
2 5,205,000
3 2,647,550
i 9,195,000
5 d4, 605,000
b 5,280,000
7 11,970,000
] a, 980, 000
0 7,230,000

10 4,440, 000

Weibull Analysis

B-10: 2,70 % 107 eyelos
B-50: 0,22 x 100 eveles
Slope: 2.2

*
Heat treated by Timken Company



Table 36. Rolling Contact Fatigue Tests - VAR, CBS 1000M,

(Test Series AC)

Test Conditions
Smnx = 4,826 MPa (700 ksi) Lubricant: MIL-L-7808

Speed = 6,23 m/sec. (245 in/sec) Temperature: Roow—-ambient
(25,000 cycles/min,)

Test Number Stress Cycles to Failure
1 3,345,000
2 2,450,000
3 3,675,000
4 4,365,000
5 5,700,000
6 3,705,000
7 5,970,000
B 1,950,000
9 3,495,000

10 6,135,000

Weibull Analysls

B-10 Life: 2,11 x 106 cycles
B~50 Life: 4.05 x 10 ecyeles
Slope: 2,89
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Tahle 37.

Rolling Contact Fatigue Tests = VAR, CBS 600,

Test Conditions

5
max

(Tost Series AD)

= 4,826 MPa (700 ksi)

Speed = 6.23 m/see. (245 in/sece)

(25,000 eyeles/anin,)

Tegt Number

1
2
3
4
3
6

10

Welbull Analysis

B-10 Life:

5.16 x 106

cvoeles

B-50 Life: 11.76 x 100 cycles

Slope:

2.29

Lubricant: MIL-L-7808

Temperature: Room-ambilent

Stress Cycles to Failure

34, 500, (0
5,850,000
12,135,000
6,825,000
18,150,000
12,210,000
9,870,000
10,575,000
16,000,000
5,925,000

suspended

suspended



Table 38. Rolling Contact Fatigue Tests - VAR, CBS 600.
(Test Series AE)

Test Condltions
Smax ™ 4,826 MPa (700 ksd) Lubricant: MIL-L-7808

Speed = 6,2% w/sec. (245 in/sez) Temperature: Room-anmblent
(25,000 cycles/min.)

Test Number Stress Cycles to Failure
1 14,610,000
2 7,050,000
3 7,215,000
4 15,045,000
5 5,150,000
6 14,805,000
7 12,255,000
8 11,055,000
9 10,860,300

10 12,235,000

Welbull Analysis

B~-10 Life:  5.81 x 10% cycles
B-50 Life: 11.01 x 10° cycles
Slopet 2,95




Table 39, Rolling Contact Tatigue Tests - VAR, CBS 600.
(Tost Series AF)

Tewt Conditions
Smax ™ 4,826 MPa (700 ksi) Lubricant: MIL-1~7808

Speed = 0.23 w/see, (245 n/eoc) Temperature:  Room-ambient
(25.000 eveles/min.)

Test Number Stress Cyveles to Failure
1 b, 270,000
2 7,800,000
3 1h, 540,000
4 15, 600, 000
5 4,250,000
O 5,025,000

16, 364%,000
8 9,859,999
9 L4, 024,000
10 5,430,000

Woibull Analysis

B-10 Life: 3.79 x 100 oveles
B-50 Life: 9.81 x 100 cycles
Slope: 2.02




Table 40, Rolling Contact Fatigue Tests - VAR, AISI 9310.
(Base Line Test)

Test Conditions
Smax = 4,826 MPa (700 ksi) Lubricant: MIL~L-7808

Spead = 6.23 m/sec. (245 in/sec) Temperature: Room-ambient
{25,000 cycles/min.)

Test N“TEEE Stress Cycles to Fallure
1 12,240,000
2 11,250,000
3 10,500,000
4 3,690,000
5 10,500,000
6 5,130,000
7 9,660,000
8 7,300,000
9 19,544,000

10 7,170,000

Weibull Analysis

B-10 Life: 4.18 x 108 cycles
B-50 Life: 9.43 x 106 cycles
Slope: 2,31
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FIGURE 48. BRCF Test Results of VAR, CBS 800 (Test Series AD)



95

20

80

70

60

50

40

30

20

Cumulative Failure, Percent

0 3 2 wo

L6

Test Condacions:

Max. Hertz Stress: 4,826 MPa (700 ksi)
Speed: 6.23 m/sec (245 in/sec)
Lubricant: MIL-L-7808

Temperature: Room-ambient

Failure Index: 190/10

I

1

10

108

Fatigue Life, Stress Cycles

FIGURE 49. RCF Test Results of VAR, CBS 600 (Test Series AE)



Cumulat ive Fallure, Pereent

wy
h

[/ T - BENE S S (B T\ B

L

)

L § T T LN S S S | l | J— 1 ] T T 15T rr 7T ‘1'1"]
- O’ -
O -
0 -
. o S—
- o -
el ——
r o —
E Teet Conditionss -
F O r - T - -
Yax, Hertz Stress: 4,82% Pz (700 ksi)
- Speed: £.23 ~/sec (245 in/sec) e
Labricant: YIL-L-7808
| Tenmperzture: Room-azbient -
Failure Index: 10/10
o —
- 1 N B | 1 FE I N | l - L J N B B I | JJ_ 1L L.J
in” 14 108

FIGUEE 9. RCF T

]
il
o
=3
T
n
[
P2
('
n
\"\
&
€ A
-
w
0
4]
1]
W
oY
Q
-~
l
D
n
ey
oy
o
i
Iy
wn
h 3
dny
ot



95

g0

80

70

80

20

Cumulative Fallure, Poreent

G =W

K

[

B

5
6
: Test Conditions: :
B O Mzx, Hertz Stress: 4,825 MPz (700 k=si) _
[~ Speed: 5.22 z/sec (245 irn sec)
— Lubricant: MIL-L-7808 -—
Temperzture: Room-zsblent
" Pzilure Index: 10/10 -
i 1 4 S I Y | ! 1 1 1 1 J . | l] 1 1
10 167 08

Fatigue Life, Stress Cy

1‘1
[y
bt
m
m

BCF Test Rezults of VAR AISI 9310 (Baselina)



Appendix €

Table 41, Summary of RCF Test Results of Test Materials for Phase I(“).

Test | Test Materials B-10 Life | B-50 Life { Weibull | Failure(e)
Series } (Melting Process) { x106 Cycles | x106 Cycles | Slope Index
u Super Nitralloy 2.44 4,69 2.89 20/20

(VIM-VAR) (D)
v Nitralloy 135 1.43 4,37 1,68 30/30
(Air Melted)
W Matrix II 3.60 8,03 2.25 20/20
(CVM)
x AISI 9310 14,82 61. 50 1,32 6/20
(CVM)
y CBS 600 7.20 16.39 2,29 18/20
(Alr Melted)
z CBS 1000M 1.00 1.99 2,78 20/20
(CvM)
o AIST Wel 5.95 19,68 1.58 17/20
(CVM)
A AIST 0-2 5.10 18,70 1,45 14/20
{cvM)
Y AISI 8-2 1.23 5,41 1.27 20/20
(CVM)
§ Vasco X-2 6.31 15,13 2,16 20/20
(cvr)
e Nitralloy 2,30 4,91 2.48 20/20
(cvrn)
Base | ATST M50{d) 3.80 6.30 3,30 | 250/250
Line | (VIM-VAR)

{(a) Test Conditions: Maximum Hertz Stress: 4,826 MPa
{700 ksi)

Speed: 6.23 m/sec (245 in/sec)
Lubricant: MIL-T-7808
Temperature: Room—ambient

(b) Meltinpg Process

(c)} Number of failures out of total number of tests.

(d) 12 heats of M50 were tnsted.

100




Table 42,

Sunmary of RCF Test Rosulta ol Tost Materials for Phase 11

(a)

Test | Test Materials B-10 Life | B-50 Life | Weibull] ¥ailure(®)
Sories | (Melting Process) | x106 Cycles | x106 Cyveles | Slope Index
AA AISI 9310 5.2% 10. 65 2,66 10/10

(VIM~VAR)
AB CBS 1000M 2,71 6,22 2.27 10/10
{CVM) (Timkon)
AC CBS 1000M 2,11 4,05 2.89 10/10
(CVM) (GE)
AD CBS 600 5.16 11.76 2,29 8/10
(CVM)
AE CBS 600 5,81 11.01 2.95 10/10
(cvit)
AF GBS 600 1,79 9.61 2.02 10/10
(CVM)
Base AISY 9310 4,18 9,43 2.31 10/10
Line {CVM)

{a) Test Conditions:

(b}

Speed:
Lubricant:

Temperature:
Melting Process

Maximum lertz Stress:
6.23 w/see (245 in/sec)

MI1-1~7808

4,826 MPa (700 ksi)

Room-ambient

(c) Number of fallures out of the total number of tests.

)

101



Table 41.

Appendix D

Summary of Metallurgical Characteristios
of Tost Materials for Phase T,

Effoctive Surface a) Core Retaineald)
Test Test Materinls Case Dopth(d Hardness(®’ | Bardness |Austenite
Sovies | (Melting Process) mm (in.) HRO HRC B
u Super Nitralloy 0,43 40,017 60, 4 42.0 4.8
(VIM=-VAR)
v Nitralloy 135 0,38 )9,015) 60, b 35.0 N.DL Y
{Alr Molted)
w Matrix I1 ——— e— G2.b —~—— 1,2
(CVM)
X AISI 9310 P (D.030) 60,4 41.0 20,1
(Cv)
¥ ] GBS 600 v 78 (0,030) 05.0 44,0 8.7
{Alr Meltel {
2 CBS 1000M G.76 (2,030 060, 1 45,0 N.D,
(CVM)
& AISI W-1 m— e 61,2 e 6.6
(CYM)
B ATST Q-2 —— e—— 62.3 —— 9.6
(cVM)
3 AISI §-2 ——— e 6. 4 —_— 1.2
(CVrM)
& Vaseo X-=2 0.89 (0.0 o0, 0 43,0 22,0
(CVM)
£ Nitralloy N 0.38 {0.71%) 029 46.0 N.D.
(CVM)
(a) Rockwell Superficial 15-N were measured on cach finished test boar and

converted to HRC.

analysis.

N.D. represents "not detected."
Depth below the surface at which HRC 58 occurs.

Measured on the surface of finished test bars by X—ray diffraction
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