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Rasidual stresses ara an lnevitable consequence of the manufucture und service conditions to whlch
machanical components ara subjacted. In this paper, a wide range of .vidence {s presented L0 show the
decislve affect of residual stress, both pre-existing and service incuced, on tha performance of gears
and rolling alemant bearings.

The results of measurement of residual stresses arising from a range of manufacturlng procedures
ara prasanted, particuiar emphlsis baing placed on carburized steels. The effect of such strassas on
fatigue performanca {s damonstratad. Poss1bla causas of residual stress changa during sarvica are
raviewad and the rasuits of naw axperlmental and thaoratical work on the role of resldual contact
atrass in a numdber of ralavant tribological failure modas are prasented.

\

INTRODUCTION

Interest {n the topic of rasidual stress comas in waves. Such waves can be created by a wida
variety of circumstances. Somatimes the originating disturdbance is a practical problem such as was
craatad by strass corrosion foilowing the introduction of high strangth aluminium 2lloys or by the
discovary of the effects of grinding abusa i{n hardened steels. Un tha other hand, waves of aqual
ferocity have bean generated by the davalopmant of new {nvestigative tachniquas such as tha new "fast*
Xray diffraction mathods and equaily as often by theoretical advances such as tha application of
shakedown theory to rolling contact {n the early 1960's.

It 1s remarkabla, however, how little constructlve :nterfarenca there has been belwern these
various sources of interes.. In this papar, an attempt {s rade to raview the role of renjidual stress
1n performanca of gears and roliing element Ddearings. Particular emphasis ls given to relating
axper{mental and theoreticai determination of residual stresses to the oulcome in terms of performanca.
To this end, the paper is divided into two sectiona. The first deals with the - perhaps more widaly
accapted and undarstood - topic of the effect of pra-aszisting residual stress on performance. In the
second part of the paper consideration |s givan to residual stresses arising during service. A new
anproach to residual stresses {n plastically deformed asperities |s prasanted and {ts consequence on
tribological fallure modes in aircraft components (s discussed.

It {s hoped that any ripples of {nterest which may thus be generated will not Dbe too swiftly
attenuated, whatever their wavelength!
PRE-EXISTING RESIDUAL STRESS

When a component has bdeen manufactured, {t practically always contains a {ocked-{in stress
distribution. In this saction the nature of this pre-existing residual stress, 1's measuremenrt and its

effect on perforaance are considered,

Permltted Stress States

A resi{dual stress atate may de defired ss one¢ in which the douncary {0ads on the dody 1n question
are zaro. Residual stress atates are elastic, that (e to say that the yieid criterion {3 not exceeded
5y the rastdual stresses, and tney obey the law of #qQuilidrium. [t is lastruclive to consider some of
the restrictions thl3 places on Hussibie residual atress states, In carteslan coordinates, the
equilibrlum {aw {s (in the absence of dody forces) {(1):
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If we consider a uniform residual stress distribution near the eurfsce of sn infinite half space -
a good approximation {f the residual stress has srisen from a homogeneous surface trestment of a thick,
flat, component - then the derivatives with respect to x and y will disappeer giving:

9Txz Atyz 902
—_— . =~ . — .0 (2)
9z ay oz

where z is in the direction of the normal to the free surface.

As all these stresses must be zero et the surface because {t {s unloaded, then they are identicelly
ZJero throughout and the only stresses which can exist ere oy, dy and 1xy. The body is in a state of
plane streas.

A similar argument can be msde for a uniform cylindrical body .y expressing the equilibrium law in
cylindrical coordinates. For a uniform, cylindrically symetric, stress state we have:

dop 0p~-dg
— e 0 (3)
dr r

This means that the stress perpendicular to the surface, op, {3 not zero except at the surface but
sstisfies equetion (3). 1If the surface of the body i3 at 1’=Rg, then since d.=0 st reR, then the sign
of op just below the surface depends on the sign of gy (Figire 1).

If oy is compressive, for example, then o will be tersile just below the surface of a cylinder
(r<my) but compressive below the inner surfsce of a tube (r>Rg). Usually, the megnitude of o is small
in practice, but an important exception to this ariaes when e cylinder of small diameter {s case
hardened (leeding to compressiva, i.e. negetive °o)- The megnitude of tne tensile o, component can
then be quite large, end will rise to e maximum at the cese-core bdoundary. Some ceae-core separation
problems are probably related to this residual stress.

It may be felt by the reader that the necessity for residual stress distridutions to satfsfy
equilibrium s something of a truisam. However, many published exparimental resfdual astress
distributions do 0! eppear to satisfy this lew. For example, Mede et al (2) report reatduel stress
meesurements below Lhe surface of a cylindricel body for which vp.ge0. If this measurement were correct
it would {mply that the streeses were not cylindricelly symmetric end hence should very elong the
cylinder; such verietion was not reported however. The reesons for thia type of discrepency probebly
1ie {n the meqsurement techniques. These are ulscussed briefly in the next section.

Heaaurln‘ Residual Stresses

It {3 not alvays epprecieted just how many different, but releted quantities ere covered by the
deacription "residual stress”. A large number of techniquea exist for measuring reaidual atress and of
these only one ea the fund al quentity familiar to engineers. This technique {nvclves
measurement of strain relexation during controlled, incremental removal of material. The commonest
variant of the technique (s the hole-drilling method, described by Bathgete (3) in which e hole is
forsed progressively in the aurface 3snd the radial strein relexetion measured usfng e strain gauge
rosette. The technique cen be made Quite raproducible with care but suffera from the disadvantage of
poor resolut.fon of streas gradients end of very low sensitivity for depths greater than the hole
diameter. It {a elac, of course, destructive though i3 not regarded so by some heevy industries where
saall holea cen be tolereted.

Xrsy diffraction (XRD) techniques ere also widely used for residual streas meesurement and heve
become more popular in recent yeara with the devleopment of more rapid, eutomated equipment. However,
XRD does not meesure the same quantity ea the deatructive techniques end in meny cilrcumstances gives
reaulta which differ, sometimes by a large wmargin. The principal of the Xrey technique s will
underatood and 13 ahown {n diegrammatic form in Figure 2. A recent review of theoretical eapects by
Dolle {s highly recommended (4). Measuremenls of normal Cisplacement of crystal interpanar spacins are
made aa e function of direction., These may then be converted intc atresses using e knowledge of the
local elastic properties wnich must be obdtained from a separete cslibration experiment.

The XRD method haa e number of attractive attributes. One ia that {t csn reaclve high stress
gradienta which cen be of great significence in surface treatment technology and it can also detect
residual shear atressea within the penetretion of the Xrey beam. The principal of this i3 shown {n
Figure 3. The preaence of the shear stress component gives r~ise tc different interplanar spacings with
reapect to forward or backvard specimen rotation. However, Xrays are diff:acted only by crystalline
material of a particular phese which may not dDe in the same atate of stress as non-crystalline regions
{auch as sudgrain boundaries) or as materlal of other phsses. When and whether such effecta are
important appears to depend strongly on the material and its atrzin history. A review of these effecta
which have Deen dudbed “"paeudomacrostress” has been given by Cullity (5), who shows that magnetic
effecta, which are also sensitive to the stress, dehave as would be expected from the XRD streas
Seasurament .

Residuel Stresaes and Fetigue in Cardurised Steels

In this section, the results of study of tne fatigue properties of carburised steels is presented
in conjunction with extensive Invcstigation of the role of residual stress. The importance of e
complete atresa analysis, which includes conalderation of residual stresses 13 demonstreted.
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The purpose of the work wes to examine the high cycle fetigue behaviour of gear metariel under
conditions as close as poesible tc thosa encounterad in heiicopter gears. In pertioular, tha relatad
veriebles of tooth-root strese concentretion, of cerburisad ceee depth end of eppliad mean etrees, wera
arranged in euch a wey es to provide e reelistic dietriubtion of epplied stress whilst still enebling
the use of e simple, exielly loeded, fetigue specim'n. Of perticular interest were the tooth root
stress characterietics of the Wildhaber-Novikov conforial gears, which are used in the mein gearbox of
Westlend Lynx end Westland 30 helicoptere. Deteils of the tocth root etressae ieve . ' nently been
publishad by Aetridge et el (6) end feeture applied maan straseas in the comprassive ,egion.

The specimen is ehown in Figure 4. Results of e 2-D finita element anelysis of the specimen i3
shown in Figure 5. The stress concentretion essocieted with the notch hes ¢ meximum velua of about
1.7. Note that tne region in which the appiied stresses exceed the everege stress in the refi.rance
section is confined to the cerburised cese. To find the ectual strasses in thia reginn we tharafore
raquire e knowledge of the residual stresses in the case.

Manufacture of the teet specimans wes carriad out by techniquas closeiy following thosa used for
real componenta. Tha specimen notch was menufacturad in tha same mannar es a praformad gear cooth
root; that is Dy mechining followad by haet treatment (cese hardaning) end finelly ahot peaning. The
deteils ara shown in Teble 1. The heet traetment edopted ia elso shown in Teble 1. The effeot of
eubzero treetment wes investigeted by omitting thie procees on half the specimens.

Residual stresees were meesured using en Xray diffrection tachniqua. By seiaction of suitebie
diffraction peake it was poeeibia to obtain rasiduel etraes velues for both the metallurgicel phesas
(martensite and austenite) present in the specimen cese.

The specimene wera teeted under tensile, zero end compreeeive epplied maen etresses, the retio of
elterneting to meen loec beins heid constent througout eech series. The testing frequency wee
approximately 150 Hz. The rasu-ts are shown in Figure 6 in the form of e Goodman diagram. Hera tha
nominal andurence epplied etrese range (ignoring strass concentration) {s plotted against the nominai
mean strese {ignoring residual stress). The meen endurence limits ehown were celculeted, using e
stendari curva shape, from the individuel fstigue lives.

During the tasting {t beceme evident that two types of faiiure were occurring. One of these
invoived fatigue initiation in the notch, cloes to the surfece, ueually at e depth just below the shot
peened ieyer. Tha other form of fellure origineted in the uncerburized core of the specimen, at e
number of locations. The proportion of failures obtained o aach type wes found to depend on the
applied mean strexs, there being mora core-originated feilures et compressive applied mean stress.

The performence of the 4$ NiCrMo steel 13 superior undar eil conditions tasted to the 3i% NiCrMo,
tha preferrad steel in the U.S. Subzaro treetment hed jittle effect.

Tha resuits of the Xrey diffrection work ere shown in Figura 7. The upper part of the figurae ahow
the proportion of retained austenita ,resent as a function of depth. The proportion of this phase {3
reduced but not eliminatad by the subzero traatment.

A complex rasiduel stress stata {s present. Very nigh compression {3 prasent ut the surfece and
persists to a dapth of about O.lmm. This is the area affected by ehot peaning. At graz.er dapths but
stiil within the carburised caee, a mora moderate comprassion {3 present in the mertensitic phese, but
tansija stressas are prasent {n the austenite. The stress in tha austenite couid not be measurad for
depths beiow O.3mm for the subzeroc treetad specimens and adout 0.65mm for tha untraated specimens
because tha diffraction peak became too waak, with deciining austenita content, to jocate sufficlently
precisely. Subzero treatment, eithough raducing the totel amount of eustenite prasent, eleo hae tha
effect of increaeing tha tensila stress in this phese. On the other hand, the compreesion {n the
martansite 13 increasad by subzarc treetment. In the cora, tha streseas ere taneile.

The combined affect of the notch and tha residuaj strassas are that doth eitarneting end mean
stresses differ betwaan the two feliure origin iocations. In Figura 8 the real strassee at the
endurance limiv ara plcited in the form of a Smith diagram fcr tha standard meteriel condition. Two
series of epproximately streight iines ara obtained which coincidentelly convarga to tha proof strese
velue for the core. Portrayei of the data {n this for. provides eii the fatigue information requirad
whijet at the same time ajijowing extrapoietion to caeas whera the rasiduai straea etate (3 not the
sama. An important exampia of this occurs if the proportion of cese to core veriee from that used in
the prasant axperimenta. Higher proportions of caee give riea to highar tensiia etraesae in the cora.

Residuel Streea end Criticei Defect Siza

All materiels contain delects. Tiw siza and distridution of auch defecte have e vary substantiaf
affect on fatigue performance esgfaclaliy for high strength stesie of the type used for eircreft
wridojogicei components. In this Section an axampia ie given of the analyeis of the fatigue deohaviour
of e gear containing such defacts 1a order to damonstreta the larga effact of residusl stress.

A service fellure hRad occurrad of s pliton gear. investigation shovad that the origin of the
fsilura wae {n the (uncardurised) bera, a region which was known to be very mildly streeeed. However,
the {nitietion of the feilure was associetad with e smeii pre-exiering creck-iike defect which had
prodbably erieen during manufecture. Defects of this natura couid be shown to raduca fetigue {ife in
coupon tasta byt It was requirad to know whether euch a defect oouid propagata under aervice
conditions. An anelysis was therafore undertaxan, using iinear elestic frecture mechanics, in order to
determina the effect of service strasses on such defacts.

It 300n emerged that one of the ®e)Or unknowns was the resicdual etresz. A tensiie reziduai atress

acting transversely 1o the defect would aliow creck opening ovar 3 much larger pr-oportion of the strass
cycie and would thus ecceiereta propagation. Equaliy, tens'le etrass weuid eilow smailer defects to
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propagete et ¢ atress which might otherwiee de below the threshold. The effect of e constant tensile
etrese on the oritical defect slze to glve the feilure life 1e ehown in Flgure 9. Measurement of the
ectual residual strese in the bore of the gear ehaft proved impoeeible but test pieces of similar
section treeted in the eame wey ehowed eudstantiel tensile streeeee of epproximately 300 MPe. The
crltlcel flew eize wes therefore of the order 10' mm, comparedle with that of the obeerved defecte.

The effect of flew eize on llfe for different oonstant reeidual streseee 13 ehown in Flgure 10.
The realdual etrees hae an overvhelming effect on performance. Thie investlgatlon culminated in the
removel both of the dameglng reeidual stress end of the dsfecte, by modificetion of the manufecturing
route., At the same time, ¢ new dlfferentiel eddy-current inspection technique was introduced to give
further assurence of freedom from eurfece flews.

Reeidue)l Streee «nd Rolling Contects

The effect of residuel etrees on concentreted contects la e more difficult problem than that
considered in the last section beceuas of the oomplexity of the epplied etress field. The eimpleet
form of the prodlem le the effect on the stetic strength of concentreted contect. Thie merely requires
the euperpoeition of reeidual and epplled etrese fields and the epplicetion of e yleld criterion to the
resultant. Hiils and Aeheldy (7) and Broszeit et el (8) heve recently pereued thie line of work. In
goenerel, uniform ocapreeelve residual etreee le beneficiel, deepite the compreselve neture of the
epplied stresses, beceuae it hLae the effsct of reducing the differ:nce between tho principal etresses
in the region besnesth the contect and hence reducing the meximum shear stress. Yield !% consequently
inhibited. The compressive reeidual atreseee produced Dy cardurieing, nitriiing, msild grinding, shot
psening &tc there’ore ect to increase the etatlc loed carying cepecity of eurfeces.

However, the perforsance liimiting festor for many eircreft geare and rolling elemen’. dearings 1ie
not etetic bshaviour but pitting fetigue. Thie phenouenon is etill not well underetood deepite having
beer: the eudject of much reeearch. It does eeem, howeve:r that compreesive reeidual etress can improve
piteing life (9). Equelly, tensile etresesa can reduce perforzance eithough it eeeme that tne effect
variee withthe directlon of the tensile etrese. Czyzeweki (10) inveetigated the effect of e tensile
hoop etreee in e bearing rece such ee mey occur when an inner race ie ehrink fitted onto e ehaft or
vhen an outer rece ie subjected to high centrifugei forcee. He found e {arge reduction in life
together w!th e chenge in crecking msode to (ive frecture of the rece rether than pitting. Foord et ei
(11) end more recently Dousinas (12) have epplied tensiie etrese perpendicuiar to the roliing direction
in comdbined bending/rclling experimente with eoft, high cerbon etecle. The resuite ehow ¢ saell life
reduction.

Much work stili needs to be done in thie aree doth in reletion to residual and to comdined epplied
stresses. One prodiem ie that in pure roliing, feilure dces not occur until eppiled {oads epproach the
elestic limit. Thie meens that the reel strees field changes during running. Even when siiding 1s
epplied, some plastic deformetion ie etill likeiy under conditions which enedle aurfece asdaritiee to
come into contect. Theee poseidilities are further explored in the next section.

SERVICE INDUCED RESIDUAL STRESS

A numder of weye exiet in which the reeiduail atrees etete in e component cen change during its
eervice life. All cen pley e decieive role in gear and bearing feilure modes.

Thermai Streee Reiijef

Carburiged steeie of the type uaed in smany gear and DBear‘ng eppiicetions et iow tempereture
(Weetland prectice for cerburieed 4§ NiCrMo steel 13 to temper et 1400C), Some bearing rolling
elemente are tempered et tempereturss as iow ee 125°C. In the ceee of carburieed eteele, the effect of
heeting the component et ¢ higher tempereture than this is two-fold. One effect le to change the
hardnese: the effect of overtempering on the microhardneee profiie of e cerdurized case ie shwon {n
Figure 11. The eurfece hard-:s3 13 in fsct for moderete tempering perioda et up to 2X°C in thie
eteel.

in eddition, the residual etress dietriudtion changes during overtempering. Kirk (18) ehowed that
the bdeneficiel ocoapreesive residual streeses produced during cese hardening in the surfece of the
workpiece are repidly reileved dy thermel treetment 1n the range 100-200°C for }§ NiCrMo (8620 M)
asteel, He showed @ corresponding reduction in fetigue propertiee. A eimiiar inveetigation has
recentiy been c(arried out et Westiane for the 4§ NiCrMo cardurieed ateel, using 1% am diemeter
aspecimens in roteting bending (zero eppiied mean stress). Again e eignificant reduction in fetigue
perforaance hae been observed even under circumetances where the eurfece hardness has nOl been reduced
below the normelly eccepted minimua (Figure 12). Both these etudiee leed to the oconcluaion that
estiefectory surfece hardness does not 1mply that the perforsance cepahiiity of e component 1ie
uneffected of 13r an ovirheating event; residusl etresses mey have deon changed in e detrimentel manner.

Residuel Contect Strese

Of course 1t enouid not norseliy de the ceee that the opereting tempereture of e component eXxceeds
1Le tempering tempereture. However, when these temperetures are Quite ciose as they often are for gear
and bearing eteele, changes which mimic overtempering ®say o¢cur during ruaning. Tre dark aree
eometimes observed {n roliing element bearings of '§ CCr steel after iong sunning times probadly arise
from thie sowrce. Thermal and. 'or cyclic eoftening «4ilows plastic defcraetion to occur during prolonged
running under the infiuence of eppiied {ocads.

The nature Of the strese distribution whiech ie i1nduced Dy contact et 10ads ebove the effective
yieid has recieved such etudy and ¢ review of the relevant theory has recentiy been presented dy X.L.
Johnasa (18)., If the eppiled ioads excesd Yyieid Dy onaly e sasll sargin as ie common in preciical
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situations, the approach of Merwin (15) may ds used in which the total strain {s equated to the elastic
atrsin. This is reasonable because the plastic deformstion is contsinad by elsstic material to s smsll
sub-aurface region. A practical consequence of this s that such plastic deformation {s {mpossible to
detect metsllographicslly. Neverthalaas the atresses gunerated may be large. Figure 13 shows the
residual stress distritution {n {denticsl rollers meaaured in ona instance without running snd {n
snother after running in a disc machina st an applied Hertzisn stress of 2.8 GPa st 3 slide roll ratlo
of 0.026. An increase in the casa ocompression has apparantly oocurrad du‘ing running. The nominal
appliad loads are close to the elsstic limit but slightly bdalow {t. Evidently under real running
conditions soma plsstic deformation has {ndeed occurred leading to the increased compresaion. Thermal
snd cyclic affacts may again be aignificant here.

Reaidual Asperity Stresses

Ona of to the most {mportant problems now being tacklsd by tribologists is tha modalling of rough
surfaca contact. Significant advancsa have racently been mada n dry (16) and {n lutricatad (17) rough
surfsca oontact for situations in which the contact is fully alastic. Howavar, {t {a wall sstablished
from both theoratical and exparimantal evidenca that plastic deformation may occur on an . sperity scala
whan rough surfacas come {nto contact (i18). Such plastic daformation will {navitably produce rasidual
atrassss. A simpls way to calculata such rasidual stressas has racently been davisad {(n »
collsborativa projsct between the Machanicsl Engineering dspartmanta of Cambridge Univaraity and
Imperial College, London (19), It is based on the assumption that the asperity loads may ba high
anough to be in the fully plastic ranga. Such conditions ars beliavsd %o occur during gaar tooth and
racs/roller contacts when the surfacas are¢ rough and when tha lubr cant film thicknass s low,
aspecially though not exclusively, during runaning-in. Thia problem, «* stress analysis of fully
plastic contacts,has recantly racei{ved much attantion, tha most popular re.dnt approach being that of
the finite alement method. Curioualy ancugh, no complats strass dlatributions basad on thia tachniqua
hava bean published, howavar. Fortunataly, a much simpler approach {s possibdla using slip-line fileld
theory which allows an analytical solution to be obtainad. Slip-line flald thaory haa bean uaad
pravioualy for asperity plastic deformation problems, notably by Graan (20) Johnson (21) and Challan
an3 Oxlay (22). The residual streaaes are obdtainad by using the alastic aolution, for tha sama
prasaura and tanganticl force distribution, as s obtained from the plastic analysis: the asperity s
"alastically unloaded".

The raaults of thasa calculations are raproducad in Figura 14. They show soma atartling effects.
The unloaded contact surface {3 {eft {n a state of high residual tensjon. Soma subsurface straasas are
also tansila, dut not {n the ragion i{mmediately benecath the contact whara a high, pradominantly
hydrostatic rasidual compresaion {a predictad. The subaurfaca, tensila, rasidual strassas hava a
characteristic inclinstion ralatad to the diraction of tangsntial force. Thera is a closa parallal
betwaon the direction of this (calculated) realdual tension and the diraction in which cracks ara
obsarvad to form during the aarly stages of rolling fstigua and ralatad froms of fallura. Such cracks
form at a shallow angla to the surface (Figura 15) and dspend cn the diraction of applisd tangantial
force {n a similar mannar to the calcuiated rcajdual atraasaa. No datallad undarstanding of the
machanisa of formation of rolling fatigua and micropitting cracks {s currantly availsbla, dut it doaa
Saea likaly that the prasence of rasidual tanaion acting perpendicular to the emdryonic crack would
aaalat its devaiopment {n the manner mantioned earlier and henca favour crack formation {n the observad
diraction.

In eonclusion, it seema a mistake to assure, 33 {3 frequantly done, that the operating conditions
of ridological ocomponents ara antiraly in the elaatic rarga. A knowladge of the affecta of
aervice-inducad Frlastic daformation, laading to characteriatic reaidual atrasa diatrituticne {a
axpectad to make a major contridution to the understanding of contact fallura modes which currently
limit the performance of gears and rolling alement bearinga.

CONCLUSIONS

The aerospace (ncuatries of the world - quite corractiy - expand subatantial affort {n order to
determine the appliad astrssa regime to which componerts and materials ara sublactad. Mowavar {t l»
becoming increasingly avident that a full understanding of the performance-limiting failura modea
requiraa consideration of raajdual as well as spplied atreases. Thia {a particulariy true of
tribological failurs modes whers the applied atresses are predomlnantly comprassive.

This paper has given soma axamplas of the usa of resaidual atraas analyala, doth theoretical and
axperimental (n the development of such underatanding. It {» to be expected that many potentis!
isprovements |n performance and ralladllity of sircrsft transmajasion aystems could result from the
deve opment and exploitstioa of residual atresaes, sspecially i{n the deaign of new materisls and
procesass. A prerequisita to such advances s the adility to predict residual stresses and to varify
such predictions Dy sccurate mesaurements.
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Cocposition

Element © Ni Cr Mo S1

Weight $ 43 NiCrMo 0.15 415 1,12 0.25 0.26
338 NiCrMo 0.16 3.29 0.99 o0.24 0.22

Manufacture

10-7

Mn S P

0.37 0.005 0.006
0.46 0.006 0.005

Both steels were manufactured by consumable eiectrode vacuum arc remelting.

Treatment

The specimens were carburised 925°C to give a surface carbon content of 0.8:0.05% to a nominai case
depth of 1.5mm. The temperature was then reduced to 850°C fcr 1h before air cooling. After
carburising the specimens were annealed at 650°C for 6h and furnace cooled. The remainder of the

treatment was as follows:

Hardening: Reheated to 790°C for th, ofl quenched
Subzero: Cool to -60°C for 1h

Tempering: 1409C 4n

Shot Peening: Aimen intensity G.35mm A2 using S170 shot

Core Static Tensile Properties

Uitimate tensile stress/MPa (.23 Proof/MPa

4§ NiCrMo 1433 1312
348 NicrMo 1397 1243

kiongattion Reduction of Ares

158 608
148 628

Tabir 1 Matarial und Heat Treatment Detaiis for 43 NiCrMo and 318 NiCrMo Gear Steels




10-8

Jg compressive: a

E'Ro

Flgure 1

Og tensile: g

=R,

Radlal Residual Stresses Near a Cylindrical Boundary

Xrays

dy=do

If oy 13 tensile 4, > dq Y
o

Flgure 2

Surface

Principal of Residual Stress Measurement dy Xrsy Diffraction

- face

Y 4 N

Figure 3
Principal of Realdual Shear Stresa Measurem

7777 7V77r7

4

ent by Xray Diffraction




10-9

¢ 32mm
1

W )

$ 10,2em

¢ 10.4em

Flgure &
Direot Stress Specimen for Simulation of Tooth Root Fatigue Fallure
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Figure 6

Goodman Diagram (AM Diagram) Shouing Endurance Limits for 43 NiCrMo ar

388 NiCrMo Stee!
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Effect of Defect Size on Fatigue Life for Different lonstant Realdual
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Effect of Overtempering on Rotating Bending Fatligue Properties of
¥ NiCrMo Steel.
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Figure 14

Residual Streas Distridbution, Cajcylated Using Slip-line Field Theory,
for a Plastically Deformed Asperity Contact

k = yield stress in shear
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Figure 15

Crack Initiation Direction in Micropitting, Srowing Relationship to
Inclined Subsurface Residual Tension




