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ABSTRACT

Carburizing and induction hatbaehiageacemmo
ed to increase fatigue performance and wear
r parts subject to cycl-vehotcinsyeponalgssoad:i
iveshafts. I't appkwowg an industrgnthatdeni
rburicend patrdarstfiatlilgygue nreefadrena n sper voovri kd eai ms

rther understanding as to why.

SAE 4121 steel modi fied usi nogD.adh4 i@mdupdtri a

S chosen for this stuldybpHuUueehnTalba haywlgitmdrail c al
rsional fatigue specimens underwent a carbu
fined ,casod |doewetdh by a single shot induction

.0 mm, defBné&dmmase depth

Mi crostructur al characterization technique
crosacpwywding a quantitative analysis of nea
asuramdnitdentifmacatinentofcprnodwmct ®r maai oxur f
tergranuMeaah anxiidalt ipmaperty chapabBtatrizati or
eatment di menesiadoma@glueamsgtkica imemaf,dhdss profil
altysrn si,onal fatigue testing, d&nca arldsyi,duwalf rsat
udy was conducted to el uaindddt erdcflieereenhoagh

t weeswatrbpearaged and carburized plus inductio

Tke results of the torshecnarsb uraitzegdu ec otnedsittiinc

hi bited better fatigue performance than the
ich I ¢ whmposist@bser vded iresimdadt syress anal
rburized plus induction hardened conditions
sidual St rcaay vaiy i tzleadn atothatibBd ofnrsact ure study
rburized plus inductdibo @ahidenedi coedgt aounls.
erl oad failucar zoniez swthe s @ed hteo asshi bi t pr i me
aclithuereef ore, the residual stress proffithkreas ar
rburized plus i ndarcd i bl ihavad ntea kteo ntdh e | Ppmist

t hoebsetroresdsi onal fatigue results.
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CHAPTER 1
| NTRODUCTI ON

TorsfanalQue performance and surface wear r
i mportant ff acheor sdesoi gompitngnimer tws, fespeébiealaluy of
parts subject to cycl i cavleltoocristdyoejealii mtgpaaswh aafgt s

drive€ambusi zing and inductsonf haedbeanhgtaneat |
utilized to I mprove wear ,rasdstanbasabdehabbg
that applying an induction hardening treat men

|l ead tof ahicgeasaendds issutbasnecpguent |l y vehicle effici
without sacrificing wean tleigtse sdatanmrce . atHoavmpteir n (
characteuamtheayrdel ati onshi p bet vwaenedn tiWheyg s e t wo
i mprtohveese per f owmamcap mleited csconsecutively

This study attempts to elucidate twhd hinter
regards t o,rnescirdousat!r uboetvuerlsesgpnpde mttfoirlsel onal f ati gu
with the goiadstoghipmdwstdiyngas to which combinat
i nduction haraxmiebietsatsied o@pat h$ at i Gluies pwad or ma

accomplished through attempting to answer the

l1)How vdaor i ati ons in the induction hardening
perfor mameed ofarburized to a consistent c.
2)What microstructural features and/ or mech

i nduction harcdoennterdi bcuotned ittoi otnosr si on al fati

The foll owing omeaptoessupi ¢ésemrtd t meamall p ans
the results otohHaectmadyuanfably staessdt | nmegu lsnvadsg p er f
torsional fatigue spdcfmedsgdta@itchsedl fie osned m

industrial appli ¢atienssirmentnidauased i abowerel eva
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CHAPTER 2

BACKGROUND & LI TERATURE REVI EW

re

view for this work focused pr

hardening that are directly relevan

o, fundament al s
S

1Carburi
Car buri

Zi

Zi

n

n

tructur al

g
g i

of carburizi mg arndeicinducti on

devel opment, and origins and

s a form of heat treat ment w h

steni-tazlkdn!| sweel s to form martensite at t hi

sul ts in
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nwar Th
0SSi | e,

it e,

D

(@]
—

>

tre

S
nducti on
0

S
ifferences
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but
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e/ pearlite

typ
n c

d martensiticlmicedtai nuogut éde
or t emplelrje@a rmaurtiemisn g es tcewale ¢
ically producewtpuotlt]hThae car bon

arbon concentration between t

i nal result is a carbon gradient

an

y car baovip ccto nccaenn tl reaatdi atno gerxecaetses

t
d
arbon concentration at the surface between O
b
n

brittchearmar tagneirt iquemichn gt r and ot

addi ti

on t

surf ac

structur e,

applied stress i
better

g
t

f

t

enerally

he magnitude

or mati on.

There are

he car bon

S

of

fiv

i n

me ¢ h a[nli]c a | properties

O creating a microstructure g

ses Uumdm dwmenlTdhleieregesi dual stresses at the

e hardened[dfleel 2FH@amr ¢a3dd imoe
compressive surface residual
S required to exceed the fati
todurRdr sdsestsles @ammp Mme 1s iInv & e

compmastseve stcetssanssf cumat a

e standard met hods of carburi

troduced into the material. T



pl agmp Gas and vacuum met hods Hotnh awamrn kn gby aisn ti

furnace, but in vacuum carburizing the gas 1is
2mBar (& 20 torr). Natwural gas ishiypically u
hydrocarbon gasses such as a¢éaf yilhenabasreea cles eod
in vacuum carburizing atmospheres essentially
is also similar to gas carburizing, but the p
carbon mass f | obwurainadi [rlg chraecales icnagr bcuarri zi ng i ntr o
steel using a solid material, wusually a carbo
carbon usi[nk] .a Asfatletr btartehat ment , t he steel is t
pol ymer, or gas quenchants to obtaeabmehée mart
needed. In industry, oil is typically the pre-
all gwfaor finer controflljJof the quench paramete

The mostcarobnupolinz gaengds t he proces,s sugad for t

carbufrbPzAsgstated above, -garst agiansientgyipz icrag | s ensa
gas, to introduce carbon into the steel. The
and held at temperature while the gas is intr
tbe introdwucdédadcat ofhe he steel and diffuse inw
steel is then quenched, forming a case micros
core microstrumtdd meg tomatt hwarhiagsd echeappadiitthyerof t
ferriteapetaubghee omrcr ost rquwetnecrhe ds lmanhld & £ mpair reid

Harvey developed a model that allows for d
gas carbuoihiengpgabasad pressures of carbhon mon
) 6] I n carburizing atmospheres, the driving r
redox reaction lkletdweam b6@, (CP, commonly Kknown

[ 7] as given by

CQg+Cz2CO0O(g) (2
where C is carbon introduced into the austeni
conditions, a givenwilalt i maibret aviere na COemamnai € Oc a |
austenite. The equilibrium constant, K, for t



K = Pco
acPc o

(2.

wheRcganRtgare the partial 2peespeoect@aysdtyh@ddandvC
car @odre.pends on the wt pct carbon by

ac =fc %C (2.
whefpies the activity coefficient of carbon, whi
temperature. Combining Equations 2.2 and 2.3

pressures and surface carbon content.

1 Pco
0 = —_— —_—

% C Kie P (2.

Even though this modeclarwaosn dsetse eglnse,d Haorrv € ye

be applied as a reas-onabbae alpplogxsmael en for

| f processing parameters are known, the ca

cal cul ated as

X
Cc=C Cs Cyer +—

S 0 bt (2.
where C is the carbon coshsemnthrattiaodoinncwinceaot
at mospdiesrdg,heCinitial carbon concentration of
carbon in austenite at a gi y&n Utsd mpe reartpurrda ,c ad

this equation can be reduced to
x =0/t (2.

whelWies a mat er iaaclc ocuonntsst afnotr tthhaet t emper ature de
Equaz2i[9sln

I n addition to controlling the carbon pote
case depth and carbon gradient profiles can b
changing time spent at carbur i zriaatgu rtfeOnjptesgaltfur

Changing carburizing time without changing te

4



shall ower gradient without changing the surfa
temperature without changing time results 1in
case depths for higher tempergqrtadiesnt themaihng
essentially unchanged.

2. 1B@doBitf fuse Carburizing

Whil e carburizing treatments can be compl e
rburizing treatmentsstcap pt coe b dipfefouvsoer ane d b
rbufrl.@liBragp $f use carburizing consists of two
tenti al Aboosto cycle and a I|toewepre rcaatrubroen p o
hematic odi af hbasicabbowsit Fi ggt eff@keebio®sshaowno |

rves to quickly introduce the carbon into t

o o O O 9 O

ncentration at the surface (usually greater

-

adient. The diffase: ctyltd el cwenvesartwon ppopen:t
rbon content to the deG.ig=xdwtl eveetl Cr,yparcdltll

o O« O u unu T O O

a
uring this cycle gives the carbon introduced
he svering out theOfkarlpmbd ddiatdiemtt o al |l owi ng

~ o~

mes and more precise conftk®]lb-doovkdru steh ec arr ébsuur li
treatments are often -turseeadt noenn tp asrutrsf atchea tp rreepgauri 8
polishing. A carbon content plateau at the sul

all owing for the rembhaltt othangifaget ma0Opui i c

1000
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500
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300
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Fi gulrSec hz.mati c o-tli &f basei cabbostzing process.
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2.2Il nduction Hardening
| nduction hardening is a form of heat trea
field generated by running a high frequency a

magnetic field induces a curreqpttan the steel
H=I°R (2.

where H is heat generated, Il 1 s the induced c

of the steel. Ferrite is ferromagnetic up to

of dir ecmaigonne toifc tdhoemai ns within the ferrite ge
becomes negligible onmaghkéeti st aebtenanef o AMms e
guenched to form a martensi tgiuce nccahdeesd myaerdreau n d i
martensite core similar to carburizing. UnliKk
not introduce carbon into the steel during tr
O.wtpct C are typicallyremgsdn tweaengserse sg affciec
resistameafment

The major advantage of induction hardening
selective haharedhae migng,t harodigthemperi ng are all f
harddgliimMgdi ti onally, processing parameters ca
geometry of the coil. Coils used for inductio

geometry varies widely dependi ngAGnpoWwer aippp u

are controlled in tandem with coil geometry t
depth is inversely proportional to the freque
frequencies to achieves@éppPaececaseattepnhsi and

parttypisgwaé nogheld0 i mcta pdol y nieermpsaos| eudt§i do®¢ da n[dl 3] , |

FeErrite/ austenite transformations are dif fu

uni fdoirfmi usi onhodéughobont heFwmi trasstreaeotmati on n
achieved during induction hagtdeemmpi enrga ttuor ea cihsi ekvn
vary with heating stamper &bur exafmpbae, ahheaRhed

heated during induction hardening can be up t
heated i[nl.%]Tourcroantpeensate for the extremely f a
hardeni ng, often hundreds Dadduepheeepe@&l $iempe

6



usged5S5]Despite needing to achieve higher peak t
compared to furnace heating, it is critical t

high of a peak temperature i s fhpsen, austeni

2. 3Case Depth Definitions
Defining case depth is critical to esti mat
per fsommservice. There are multiple standards

these technigues are discussed here.

The first distinction between case depth d
defined as fAtotal o case depth or fneffectivebo
depth from the surface aff ecftfeacthiyvd heasardapgxt

defined as t hceasdee prtihc rwhsetrreu ctthuer e achi eves cert

or carbonTheseedefinitions are inherently vag
on chemical and mrcesbstsutbubal [ ement ed i n
One method of defining case depth is the ¢

depth based on the carbon concentration of th

o

met ho total case depth is threadiatribommalcloy ceelft
the cas

dept h i

D

is 0.04 wt pct above the carbon conc
defined as the case devgptchtl.@af whi ch ¢

(7))

Whil e the chemical met hod of defining case
met ho of defining case depth, known as the h

d
due to its fapfl.@fUmdeorc etshse nhgartdmess met hod, tF
e

as th point at which the chemical and physic
indi stinguishabl.ehéremtbeecasnethardness i s eq!
hardness. Effective case depth determined via

e
perpendicular distance from the surface of a
hardneash&d]This hardness value varies based c
most common effective case dept h[ HE&K i:5Q itlWns

using internfax8lonal standar ds



2. 4Martensite Formation and I dentificati on

Martensite is the metastable phase in stee
austenite phase. The most common met hod of fo
rapidly cooling the steel fromramiedlapysceanl ¢dct

bel ow the martensigdgefotranmt gi emmecabooliea,g ot M,
suppressed and the carbon atoms become trappe
boeyentered cubic (BE€C) efer tcheanat eirse dé acgueb ifc c(afnG
austenite, and to accommodate t he edoarfifeusssi)otnhe

shear transf oogemttdroend itnator eogpddi/d IMa(r B @T)s i heer tceams

form mechanically upon strainingidéddasséel mat
example, wutilize this phase transfoifim8i{The as
st riannduced transformation mechanism is not rel
det ai |

There are two possible morphologies for ma

content controls both theempefarued. mSrepédbs$ oy

content waelpacw Onvmid | form | ath martensite exclu
wt pct carbon will form plate martensite. Mar
t wo val ues wiilxledofmoemhfodrogyag ms validated thr
stufkes

The primary features that distinguish | ath
the individual martensite crystals. Pl ate mar

di stinguishable from each other WAgdidng i otnandar,
despite only having one habit plane for a giyv
randomly arranged due to the tendency of adja
habi t[ Ip]l Anreepresentative mighiagh apar bbdn pd oamnee rr
stesl shbiwgu2i ¢ 2.

Martensite that forms in the case of carbu
especially near the part surface WRer]Bl ataebon
martensite microstructures are susceptible to

di fferent hapjjtapdankbesarmaotecracks can be h

8



performance if exposed at the surface via sur
el ectr o[pal]iHowierwvger, the formation of these mic
eliminated through processing that results in
fine marteni2tlA peéptesesntzaeti ve micrograph of |
mi crocracking -carbbhei zade8620astkised udse eXx.i men

Fi gu2La gh.t opti cal mi crograpwtopcpl @tet emartauns
guenched[ 2.3] 298 K

Fi gu3Lda ght optical mi crograph of plate- martens
carburi zel[d2.B620 steel

I n Iath martensite, the individual martens
to be resolved with I ight optical mi croscopy
martensite is still apparendueatt éotwhemagendera
align parallel to each other when forming in

9



carbon concentrations. These groups of paral/l
di stinct appearance [cdnpharredr rtes emltattd vmea mti emr 0O
martensiOt.efpat i Fary alFioyudies Zhown in

Fi gualLda ght optical mi cr ogrOa.pZzhl owt |pactth pdoadbritneanrsyi
nital] 2.1 ch

Martensite that forms in the case of induc
mor phol ogy. This is due to steel grades most
concentrations between 0.4 and O0. 53 rwatt i pant ,r amea
for exclusive |l ath martensite formation. Addi
induction hardened steels is often finer than
steels as prior austemnitteel gr aires sii @ ni[i2dyd atnit ¢ ry
A SEM micrograph of |l ath martensite in an ind

Figux e 2.

Fi guaSeEM .mi crograph of fine | ath martensite in
steel, 4 [p2c5t] nit al et ch

10



2.5Bainite Formation and I dentification
Bainitehdmrawsstenite is cool gd tteompbeerl aotwi rteh e
intermedi ate cooling rates. Bainite consists
di fference between the two constidtament ari artrhka
in bainite comparedrutottuhe osederied pameliae. s’
bainitic microstr-luicke,y esi mif ltfaln Whp preesru pd msaht sei x
bainite morphol og| 2,6 ]thhaevree baereen sptriolplo sseadme di s &
|l iterature as to the formation and classifica

bainite, are described in detail her e.

Upper bainite is the bainite morpgphol ogy th
generall yt @m0 ®@uAd. 40POper bainite is formed by
parallel, I eading to a blocky appearance with
di ffusion towards the aastitesitéeadihgetOoecoiar
carbides that often travel the |l ength of the

these el ongated manbicddserirattwedmtthlse whaihout a

formation is alfgeekb@wWwihRateaicmedi allest eni te i s
ferrite crystal boundaries in steetdmseatoboyed
austenite stabilization from an increased | oc

rejection from thglprAowepgesentiatevermstcabgra
0. HC 0SiI06MN (wt pctHi gpubeec 1 2.i s shown in

Fi guaFd ed.d emi ssion SEM micro@r 89060 fMnugmer plcd
steel. Ferrite crystals are dark grey, cement
are either cement[i2t8] or retained austenite

Lower bainite is the bainite morphology th

bainite but empevatuhe, Mgenerally between 200

11



acicular ferrite plates. Carbides in | ower ba
ferrite crystal boundaries and are significan
A representative micr osgtrraupcht mdiieg/holdiodaH tl iprivea tt telse
bai nnD@AC aer ossptaeceel girBadgehoen?2 i n

Fi gufRee p2.es &ieEtMa tmi e ogr ap h( B)n lao vbe&rA Cb aaiemriotsgpac e
fully austenitized,, itshoetnh eorf @a®ljgluye nhcehledd at 330
2. 6Microstructur al Evolution During Rapid Hea

As with most surface hardening heat treatm
typically to change the surface microstructur
into martensite for increased wtcrtamgt heand we
treatments perf erpedf ommaedi en pstogelcs wi th pri.i
mi crostructures, with a fraction of retained
heat treatments. Thhkeedfoffect sStafdi mar texr@snii nii o g5
the microstructur al evolution during rapid he

One of the first studies on this subject w

the effect of

=

apid austenitizing of an Al SI
mar t ensriotlilceed hfoetr ri t e/ pear l[i3t0OgThasd mobarseset fec
showhi gu& e The martensitic starting microstruc

mi crostructure for single cycle rapid austeni

martensitic condition achieved fullnsausitenit.
fine ferrite/pearlite, and coarse ferrite/pea
815, 870, and 925 AC respectively. I n additio

12



only sample that -gppiroedbedoadi iubnr ahiene t he
grain size gsmas LICGMW smitchraongrlaphs showing the dif
Figux eThough mechanical properties were not e
this resudgriamgewd!| tmi afrioseéructure would exhibit
resi stance of the three condititensabasstreraggh
descri bedPé&dtycthh heeHat il onship, with the primary
inability of dislocations to cross over grain

Figug&lei2.i al mi crostructures of (a) martensite
ferrite/pearlite&0dxamined in Grange

Fi guaPAGS. resulting from rapid austenitizing o
at 815 AC, (b) fine ferrite/pearlite starting
starting microstructure at t92® mA@r aAlulr emifomro
before qB®&Adching

13
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er

favorable results are believed to be
he martensite. Since the carbides are
ucture, the diffusion dinstdainsctersi bruetqiuoin
he austenite are small and said distr
ally, the finely dispersed carbides c
er austent eri giraatnisoracy yl ¢ nbe fher ausul

ecomdB] a concern

studies examining different steel gr

epuadyitnhiengef fects of I miemakrmtaresbfuat

st
ed
mu

S i

re
Ss
pr
al
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Eve
fractu
compr e
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resi du
concen

eel with an annealed (coarse ferritel
and tempered (mlacurdst Bafcgr atmur e ail n on
c hfr am0-BO®MO .ABQ/sst i snwl t gy, t he previous s
tic initial mi etreomp e ruatt wrre ofh otwhrea tt hree
| I[ 1lbdati ng r at es

hardness is another commonly observed
g after rapid heating, whedReC nrha rgtheerrs it
thraor nd etnherdo [utgdhr,.t §38slpleé rehar dness i s belie
gifniede austenite produced during the s

g, though the primary[ ImMe,chlfahl]sms ar e

ual Stresses

ual stresses play a critical role in
ction hardened steels. This section c
steels and the theogy XIR®&hi nd measur i

ns of Residual Stresses in Surface Ha
t how@h blmingmercrostructures are more su
, fracture and fatigue resistance are
ive stresses produced duracdcigenthe a@muden
esmorcsar buri zing and i ndibufAiwndeavdehne
stress profiles are possible due to

ations produced by these two processe
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éempér acocue, behewmahecdntr a

esidual stresses. For any

d, the volume expansion d

i zing and induction harde
amersfocmakpansobnaupbent b
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nsite |l attice pasrameters

as carbon content decr e

@ » @ o .

se/lcore interface transf
teni e e Hlegtiradsme:kauymasrf toer ms int
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hange of the [n2]w marten

nduction hardened parts
fwMt h carbon content 1is
ardening treatned]ts are
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Fi gurRei.dual stressiprs odx)i, elsanfdaytitohbecr(a dinas!l off
C45 grade steel cylinder (equivalen[t3.3Jo Al SI
2. 7TR2si dual Stress Measurements

Even though there are novel residual stres
most commonly used met hod, awndayt hdei frieftahcof dB Buhs, e
[ 3.4]Resi dual stresses Iimpart elasti€tagtrain or

di ffraction can be used to measure the change

strains. These elastic stmgidbss ModambsnaddwPbDh
can be used to calcul ate residual stresses us
d,-d 1 + 3
Y ¢ 0 o 32 o o
= us i -— Uy ru
d E ¥ g Uirtzz (2.
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wheyies the angle between the diffaacthenawegtec
the measuekbdtsveess time nf@driimsc iPpoals ssotnroess seas i o,

modulyuiss, tdhe measured | attice gmpadi sigtéat a gi v

st rfersese | atft3®le., sh@a@dsadgerds 2at i n cyteoa sdientge rvnail nuee
all ows for chasaaongemi tetnisonsgfuares fit of Equ
stresses allows for a plane stress condition
and biaxial stress states due to bredwgr sae dtid f
the stress being measured, there is a uniform
intercept, but not Isil[ro3p5e,, of36t]lhe | east square
2.8Torsional Fatigue

Fatigue failures are defined as failures t
conditions, often at | oads Ww8l7|Whiel ewdy mamiyc el
cycl in real world applications are often u

es

are completed using a triangular or sinusoida
factors: altet)natmeagn skkpeaarasdtirrsdasssa(( stress r a
edradpiBd$.,tAB8BMRaphi cal representation of

|l oad cycle iBi ghlozzwn2 bel ow 1in

refer

]

To callcut mé esheal) sStsrmeedreaingdhe shear str

algebraic difference between the maxi mum and
Q:%ai%in (2.

whebhean@ are the maximum andrmspemumvehgar ThBeér

ampl iGudes then defined as half of the shear s

Ay
U=7 (2.

The measnt rdghsesa,rs defined as the algebraic me

mi ni mum s hear stresses.

l:ln:l-rlr1a;>Lrlnin (2.
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Final l-ywatitdhei R defined as the ratio of the

shear stress.

_l-f'nin
R_Qnax (2'

b
-~

T min
>t
FigurBcRematic of a standard sinusoidal shear
t e B.8]
Whil e fatigue test sr ataino,bel gplearfaotrareyd tad s tam

perfor med idts Bf o aQ iIb.ioKXnk Ro-wevesséd!| fgtigue
and is the resul t0.ofA ap ensaitithiovsenseRdar csattrreessss coyfc | e

sample never passes {BBpugh a state of zero s

Fatigue tests ar ecypcelref coyrméhdi grhe ge mekser Thewd
bet weernyclleew @iyad | ei dgthhtaitgyelwe sf at i ghe fioousesf an
performance at streswds | &abbvght cgcémddraanagea el
performance near t heyhelgd ufratnicepud imadgi mes, t he
reached the endurance | imit if the sahople rem
19cycles dependiemdwmanhe Igipdeddt fdefdi ni ti on

Results from torsional f atN gcuuer vteess.t sT haersee ta
of sheampkivekegdars cycles to failure. The dAcycl
presented on a | og scal e, and arrows are adde

unbroken when the test wasarpoomplkeeted. atTha fea

18



number of cytcd ®ts mwn hteiamd hani gue fail ures in
room temperature have beenifeurhde thna mbe rf rodq e

sample failure is independent of both[ 3%]st fr

Fatigue fractures can eXxmiboioct aclei di it amni
St ademacrocrack propaigatniadr . 8.ag8tbaeabeotctuurs w

mi crocracks nucl eate at one or mor e of sever a

surface grains due to slip along crystallogra
incompatibility, or posshbigh shrengt anshktael su:
then expand al ong .tehteh e rmigdmadr ald k exrto mangat es
band it formed on. A stage | fatigue crack tr .
crititcla,l dramges direction, and propagates nort
stress. This critical l ength vammesEbehtwveahl!l y,
stage Il macrocrack propagatesf ttohe het @@l nit s we
This final failulr9]is the stage 111 failure

2.9The AUp and Downo Met hod for Determining E
The
data of experiments defined by [dDdTlkess met had

St

Up and Downo met hod developed by Dixo

consists of setting an initial wvalwue close to

fixed interval based ¢dr.O0tjWeemeaspplki ed tbet or i
S

testing, this transl|l ates to setting a shear s
initiddanvdaleviet,her increasing or decreasing the
based on whether the sample fails oBf giolesdt o
the shear stress amplitudeUwodultd ebes adiepcd ree a seesd
went to runout, however, the shedTlkestress amp
magni tude of d is constant regardless of shea

i's shbwgoulidmd4 @] . [ 4 1]

Di xon and Mood also developed a method to

for data collected using the AUp and Downodo me
Vilela Costa §d0liestTHabmddbei oawti ons i mpl emen:
originally designed for bending fatigue but c

19



met hod is only valid if the data set 1is nor ma
failures need t o .beewictl misre dme earc ht wa hteat al t e:
the number of failures and runouts during tes
standard deviation only wutilize data from the

cluded 6rfuaiouesestamdendurance | i mit and st

basedrosttrlkes sstaenp | i tude value of failures.

- T
> O 9 @ S

ures and 6 runout s, the endurance | i mit a

—+

e shear stress amplitude val uel oowe stth ev arluuneo uc
ear stress ampbThedequast i dess gnaecddams prese.l
uat2i. 28sL 7. To show how the AUp and Downo met
consider a theoretical datatbetgwbhaplgofheugoa
55MPa, and only one runout occurred at this st
| owest maxi mum shear stress amplitudeii s szero
one. This process is then repealtedl|l fadte @lbhssh

and B, given by

A :ini (2

B :Eni (2
needed to calcul ate endurance | i mit and stand
group of |l ess repetition is given by

.= N; (2

The averagemphedrkpdedb(esesponding to the end

calcul ated wusing

N

Z| >
NI =

FEQ+d (2.

The plus or minus sign corresponds to whet

or runout s, respectilvljed yl.c ulhet esd anmgdiamgl devi at
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N BA?

0=1. &26—-—+0. 029 (2.
N
Finally, Dixon and Mood originally <c¢l ai med

was required to obtain statisticdldOyHeoswenerda
Lee and Taylor state that a sample size of 15
devel oped by [D4 X]Jo,n [ashd] Mood

___________________________________________________________

e v H ! " a4 (O Runouts
' ' !

d /\ Failures

Shear Stress Amplitude
T
<
R _._.____(:).__.___ e
s
opmdury ssang 1uays

Specimen Number

FigurcRematic of the fiUp and Downo testing mi
amplitude is adjusted based off whether the s
Co s[tdal ]

2.18urface Microstructur al Features that Affe:

This secti omnafrotceunsseist iocn tnroamnsf or mati on pr od

grain size (PAGS), and how these microstruct u

2. 10oMartensitic Transformation Products
No-martensitic transformation products, or
nomartensitic microstructure that forms duri n¢
mi crostructure of martensite plus R@etai ned au
typically pearlite, bainite, or a mixture of

typically found at the surface of th[ed3]t eel t

[ 44], [ 4Bh,ekdmmpl e nmsiwrrfogcrea phMTOF inneaar vacuum c
steel iBi gblofh2]i n

I n steels carburized using conventional ga
typically observed in conjunction with surfac
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steel grades, alloying elements such as Ni, C
hardenability of the steel and provide a more
of these alloying el ements, Cr d@rmd SMn, raraets tw
thea®dOHi n the gas carburizing atmosphere to f
depletion of Cr, Mn, and Si from the matrix r
adjacent to the | GO, thus resultingeitmifm@edmat
austenite updo3n ,quedndclhi ngd 5]

Surface NMTP is detrimental to fatigue per
formation affects residual stress. As discuss
increases fatigue performance is tihe $orimace o

surface hardened parts due to the Vvolumetric

martensite[ fphas.g2Fuhrafpacke NMTP f ormati on usuall
the compressive residual st rsa mxees tthtea tv orl eugnelt tr
eXx panstihoen aafdtod mi tfertrold ei/ phetagd e hteersgsed t han t he
volumetric expansi onhade adiisdeegierteendt lod essaarst cns e (

volumetricaexpasasglionin surface tensile residu
residuall43trelsbitisit hdb]result is desirable, ar
strengt h. For etxbanp.hd, t Bat nremeanng surface N
po-bkeat treatment i mproved the I|-oevmpegrcéed 20MsC!H

steel from 15,000 cycles to [263]000 cycles, an

. ‘ GO i

R

"

o,

rs#ded®@&mwr face NMTP (dark etch response) obse
17 ]
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|t
favor
cited
and o
corre

refin

Au
the s
bel i e
tortu
i mpor

mi cr o

Por Austenite Grain Size
is well known that controlling and refi
abl e mechanical properties of surface ha
here, have shown a posienitiveneffaectguef ra
ned4d &¢ tuedrymi ned that austenite grain size \
| ated to fatiguel 4r8es,i s[td4a9n|c,d fi5® dareer[bS5drdie s g
i ng PAGS can cause3® dvMRapd@]marféb 1] f o[ 5 2]

stenite grain size refinemenhriosighelkiedue
usceptibility of the casreefmincerdo snircurca sutrret
ved to be |l ess susceptible to intergranu
ous wi t[M 5slma ITilleledr ga @ ch sr esi stantce to int
tant for fatigue performance in carburiz

structures iIs typically a result of inte
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CHAPTER 3
EXPERI MENTAL PROCEDURES

Subsec3t.idonlsFi g A®nddab | arbda.sle k cem pésguresyoand t
a manuscri ptthHpabl Tseatd 2023 Conference P

Benjamin!,HKignaolhs Rolmei eyl . EGrnyadeuredha nDe mMo o r
FarZagn®ri an Marshall

SubseXx.td.otqChapt 61 sians ebxacseerdmaonni $s omi @t accepte
publ i ctalleFdM SIEn Wor | d Congress 2024 Confere

Benjamin!HKignols Romelt €yl . EGrnyaceurerha nDée mMo o r
Farag&€hri s F8miawz Mand hRdbberrt C. Gol dst «

This chapter presents the methods used for

examination in this stredye.i vEadpimad eaddvwadr, e ke xiprea |
design, fatigue speci men desi gneatcnaerbturp azri annge t
di mensi onal analysis methods, metall ographic
techniques, and mechanical property measur eme

3. 1Asreceived Materi al

The material for this study was produced b
Aut omotive. The steel grade chosen for this s
chromium content than standard 4121 eoadtenst he
of standard 4121 is defined as between 0.45 a
4121m is 0.84 wt pct, matching an industrial/l
4121m as provided by thea end@ailenlée aBo ncceeantirfatciadn s
all oying el ements are given in wt pct, except

(ppm)matTérei al arrived from Kingh®t ered| lasd 2dn a

ICol orado School of Mines, Met al |l urgi cal and N
’Nexteer Automotive, Inc.

% nductoheat, I nc.

“Fluxtrol, 1Ilnec.

*See Appendix D for permissions and citations
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aicrool ed condition, each with a |l ength of 101.
Al | mat erial was sourced from t he eslaammeedpr oduc

vari abl es.

Tabll€okhposition of the 4121m Research Materia

C Mn P S Si Cr N i Mo
0.1 0.8 0.0CO0.01 0.3 0.8 0.1 0. 2

Cu Al Ca H (p N O Pb i
0.2 0.0:20.00 1.1 0.010.000.00 7

SAE 4121, and subsequently 4121m, was <chos
41MhBhs an acparrbooprr icadfnecre nd araliuroingoad, hat[dbl]galwvi t h
[ 53] The | ow carbon concentration of 4121 all ov
case transforms to martensité¢lduruirtrdhequemmcdiRiln
good hardenability due to the presence of Mn,
hardenability of steel i's often, mwasechedsushe
di ameter at which a steel wildl have a microst
an i deaall5.3gwenchpically presented in inches an
austenite grain size and alloying elements. E
the multiplying factors o[ff5.3]lFlooyiexg moll eme @tl 1

prior austenite graionf s33z.e5 onim 7( 1h.a3s2 ai nn)i nfirnounm

DI:MaustenitL%anIiMCrEiNLNH)TMSi (3-

D= 0.108 1T 3.500 I 1.9720 1T 1. (3.
wherxe sMt he hardenability multidlsyBilng factor f
3.2Experi ment al Matri X

A total of six heat treatment combinations

examine this number of conditions was twofol d

the induction harpdreonviindgg airrksaiitgntetnft u mtnlde t oi ndu st

six conditions resulted from a combination of

depth defined as depth to 50 HRC, and an i ndu

case deptdhepteli i nehdd @sHR&s e Tdept hs were chosen
25



geometry, which wil!/ be discussed in detail i
mm at the center of the reduced area section

case/core ratios that are nodegl8gresentative

3.3Sampl e Design

The sample geometry chosen for this study
Rot hl eutner for his Col o[r3a8l]dl h®c ksaarp | eefs Miemres d
meet both the physical andlU eWnii megr scaln sk ataii U e
for this study while simultaneously allowing
arpad8]One modification was made to the sampl e
of a 3.18 mm (ldB8iihgddhametat t®065 mm (3/ 4
grip ends. This hol ewwns hanhgamgtetodhél ow ¢€ta
with the intent of minimizing warping. The or
with the addition of the hole for and incl udi
Sshowhi goltlel IB3.sampl es avmeda dmacshioied he stock mat

™~ ] » 15.88mmz0.076 (MIN)
57.15mm | .625in+.003 | +0.08

La , . - ‘ ?20.64mm
[2.25in] R 215.90mm . 0.0%.18
2 - +
\ ! L & Jd
1P o—&H
Ends Drilled with #5 Center Drill 63.95mm L ‘
[2.52in | 0.75in

Cross-drilled 1/8in hole at 0.75in
from one of the ends

cal drawing of the torsional fatigu
3.4Heat Treat ment Parameters
Al | heat treatments for this-matchdwni wgr e The

carburizing heat treatments were performed fi

for2tBemm and 3.0 mmeisnduceotnidon i maarsdened
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3.4Ca4rburizing Heat Treatments

The carburizing heat treatments were devel
in Saginaw, Mdcalne aat mosplserialcarburizing fur
processes were optimized for caseddephdd as 1
depth to 50 HRC, ansdc aMeer ec avrebruirfiizeidn gu ssientgu pl sa ba n

Specifics of the procé&€abl2e aBarntedre rpso taaret ipale sies

units of surface carbon concentration. After
temperature, then furnace tempered at 182 AC
The original pl an for the carburizing samp
using steel scrap stock and copper wire. A phi
i's shewgpu2ai@aWBi |l e there were slight concerns a:
in the industrial carburizing process, it was

the success of wusing copper wireDeisnpitthee dloaubb |fe

wrapping the copper wire for extra support, t
samples spent an unknown amount of time piled
avoid a repeat failureskorthieeskttbhpmmasashadeg
samples vertically using grattedquBaesiBets. Thi s

Tabl2€aBburi zing Process Parameters

Process Step1l.0 1.5
Boost Cycle Tem 927 927
Boost Cycle Ti 4. 2! 9
Boost Cycle Carbo 0.9 0.9
Diffuse Cycle Te 843 843

Di ffuse Cycl e 2 2.5
Di ffuse Cycle Carlt 0.8 0. 8
Quench Mediur Hot Ho't
Quench Temper a 121 121
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Fi gu2Setu.p used to hang and contain the sampl e
durcagburi zing. Photograph taken before proce:

= = - _ sy

Fi gu33Setu.p used to support and contain the sam
during carburizing. Photograph taken before p

3.41B8duction Hardening Heat Treat ments

|l nduction heat treatments were developed b
Madi son Height s, MI using an industrial scale
induction hardening t fceaatbmentzs nwer Blehred ¢ fivon grend
processes were opti mnz ed dimBr. & & she chespet Mse pafh 2o
as depth to-sh®OtHRG@Q.du®itn®lne heating was selecte
uni formly heat the sampl e isounr fhaaced ecnad mmpga r eadh dt o
were rotated during heating. The process par a
shown in Table 11.3. Following induction heat.|
temperature, themn fAud nfaocre 1t.esmpher ed at 18
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Tabl3énduction Hardening Process Parameters
Process St 2.0 mm 3.0 mm
Power , k W 114 8 4
Nomi nal Peak 975 975
Ti me at Peak 1.49 2.63
Frequency, 29. 2 22. 4
Quench Medi 6% Pol ymer 6% Pol ymer
Quench Tempe 32 32
3.5Di mensional Analysis
Before the commencement of experimentation
using a di al i ndi cawamrpitmg qufantthd yf dthieg Wee g ®&mj
treatment. Dial I ndi cator measurements were o0
center axis. Three measurements were collecte
and in the @rmm 6eomieashaend. To collect the
hel d -tceenter in a | athe and slowly rotated by
guarantee the | athe centers were aligned prop
scrap stock and not removed until completion.
end was perfectly aligned with the axis of ro
3.6Characterization
Various techniqgues were empl oryedae idwed nnga tt enri
and -threemdated torsional fatigue specimens. This
procedures for atlilmamgeatnagl,| ang rca phsyc,oipmygc @@ df one ma
during this study.
3.6Métall ographic Sample Preparation
Sampfloaret al licg rexmhwiem &t semti oned using eithe
horizont al band saw for | arger specimens or a
speciSempsl.es wer e al wanyisd psceicnttg eonfe dtehjer bgres t he wh
fatigue failures Affttemosdct iikreilryg, ot hemidampglee:
sing a LecoE MX400 mounting press. For sampl
added toet hGr iBradkienlgi twa sr epee rsftoerpme dato VANISIt B0 0, -
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using a LecoE PX500 autopolisher.cscmPcij sandg w
3me di amond suspension using siemkupiohg samnigmpa
polishing pad. Polishing wasopePX®0neautop dlei
manually on a LecoE PX300 polishing wheel, de

techniques providing comparable results.

3.6E2chants and Etching Techniqgues

Two etchants were utilized during this stu
mi crostructur al characterization via |light op
The 2 pct nital etchant was made Lbymetdida mayl 2i r

250 mL Erl enmeyer flask and thoroughly mixing
the 2 pct nital etchah3 sveaendsasnmerrisn oead ewicthke dr
usi ngaiar hgpun. The quaxamyned esichgwasl tdgkenh opt
the etching process was repeated as necessary

A pi crbiacs eadc iedt chant was used for prior aust
etchant was made by adding 5.5 g wet picric a
2mLconcentrated hydrochloric acid tto B%0 AL de

The etchant was magnetically stirred at 150 r
di ssolving and while the samples were etched.
di ssolved, the etchant wiasgrthidy deétchamst. wSraen
a hot air gun, immébseedéciomdsherensednusi og e
with a cotton ball to remove excess corrosion
sampl es wepelddblemembgdud¢dlamond suspension to remo

corrosion products and further rpeovleias h tphreo cger sas

was repeated as necessary wuntil the desired c
3.6LBght Optical Mi croscopy

Light optical micrographs were collected wu
mi croscope. Only bright field i mages were col
were used. Mi crographs were coll ecntedaliln a&rxd a&c
of the image were in focus despite any possib
For each micrograph, two i mages were collecte
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budiInt scal
i nformati o
DSX scal eb
l egi bility
3.6Sdannin
Scannin
and fracto
el ectron
an acceler
wor king di
mi croscope
i mage and
the microg
a scalebar
For mic
was used.
keV a beam
were sonic
contaminat
overl oad f
magni ficat
one with a
one with |
| maged by
| mageJd mac
3.6Vbckers
Vi ckers
materi al s
techniques.
modern app

ebar from the DSX softwar e, and one

n. The final mi crographs were produ

ar to set a global schhe, withhbniosra

to the micrograph with no microsco
g Electron Microscopy

g electron microscopy (SEM) was wuse
graphy. For microstructural <charact:

mi croscope (FESEM) was ucsoeldl.e cMiicorno swe

atked av plrtodbgee caifr rlesnt of 3 in the 0nf
stance of 10 mm. For each micrograp
i nf eérnmastciad re bEa@®H E a sobrfi ttiheer €, and one
no microscope information. The fina
raph with the JEOLE scalebar to set
wiitlh tiyndroe & hed miegiolgr aph with no m

rographs used for fractography and
Mi croscope settings used during i ma
current of 1 nA, and a nominal worKk
ated in methanol for 10 nyisuutfeas ei mm
ion. Micrographs of the fatigue cra
ailure zones focolelaeht ddadt tmelat imeine
ions ranging from 250x up to 2000x.
'l the microscopal éefé@scinmEthomheanda me
ust the image and no microscope inf
usi ng tThees cwiocer| cegoraarp it owistelt tah eyl ob al
ro to add a scalebar with increased

Mi crohardness

mi crohardness testing i s a version
at scales smaller than what i s poss
Whil e originally desi gnxeampgloea) ,use

|l i cations of Vickers microhardness
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phases withAnd qQquaatefiabhti on of solute gradie
The Vickers microhardalkeaped ndlieaamemd iisndie ptye ra m
angle of 136A, acnrdessesh efirooans ulhtiisng nidrednetnetr ar e s
an indent is made, the Vickers microhardness

P
Hy =185 45 4 (3.

where P is the magnitude ofcdrhtee dremser | diaadg camal
t he i

=)

dent . P is measured in gram force, and

>

mi crohardness val?uet hasghinitsi ®fokgén mpmr esent

conveniseljce

=3

Vickersamdoees testing was used to quanti f
the surface across the carburizettaaddessdwati

selected due to needing closeltyhspaBefdoi eadtead!

samples were mounted in Bakelite, ground, and
section 3.6.1. An indenter | oad of 5@ gf was
from the surface, and akéseigmeatsmeaisghtemeinns
250 a ntervals down to 4 mm, well past the dee
traverses were collected per sample at approx
|l ocali zed basdnéeadvamgi atoi a total of 48 inden

3.6C6A8rbon Gradient Analysis

Carbon gradients were collected at Nexteer
C/'S Analyzer. Heat treated fatigue samples we]
every 0.1 mm for analysis to a twetrael nddptuls edf

during turning to avoid contamination.

3.6P7ior Austenite Grain Size Measurements
Prior austenite grain size (PAGS) measurem
sample of each heat treatment condition. Bef o
steel shot, ground, polibhedd abtdbeanbogédhwith
procedures outlined in sections 3.6.1 and 3.6
n

around the circumference of the cross sectio
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mi crostructure, and at | east 500 total grains
st andlalf26.5BPAGS analysis was performed using a
titled figrain and particle[&6&l ysis with the

3.6X8ay Diffraction Residual Stress Measur eme

X-Ray residual stress measurements were per
using a ProtRaly dXRDr@&GELttX¥meter. Measurements w
increments starting at the surface @ofaddeurstam
for machining stresses, to a maximum depth of
both positive anid.asangd @tsi velaeti ¥y eangpl eéhe nor ma
sampl e suKpfaoeceAw@s UuUsedet s pmaea sngipee atkh. ¢ Wea t{ta
an ideal source for residual stress measur eme
correspopme alg g @slilt)i on to | attice spacing wher
angl e 3pee]dlata fitting and correction was perfo
procedur es.

3.6TO8rsional Fatigue Testing

Torsional fatigue testi-bhd wrisversdlormatdi @ unce
SFLU is a |load amplitude controlled test frame
4450 N, maximum preload (static |lbadydefo#4450
l2mimfrequencgndf BOrhghatsi stady). ant ® preser v
surfaces Oo[f3.8Mhet s@amppied &) and torsion fixtu
bel ofwi guk e 3.

To ensure an aed¢awradtead tfeadti,g uteh es almgpd teisn gvetr @
prevent slip within the grips due to surface
carburizing. The first stage of <c¢cleaning was
240 and 320 grit sandpalplerototkeéfeatborl yesi d
During grinding, the reduced area was protect

were cleaned in a met hanol bath for 10 mi nut e
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Rotating Eccentric Mass
Flexure Plates (4)
Amplitude Scale

Motor Tuning Weights

Travel Limit Switches
Compensator Springs (2)

Preload Mechanism
(R-ratio Adjustment)

(a)

Specimen Depth Stop Lever Arm  Ogcillating End

Fixed End

Preload Dial Indicator Reciprocating Platen Specimen Span Stop

(b)
Fi guaSeel d .au)ni ver sal f @ tthogrusei othe3s8t]exrt uarned

3.6FfLActure Toughness

Fracture toughness calcul ations weragperfo
SEM fractogrnadplesach sample selected having bee
The fracture toughness calculation =méthpdokay
surface crack[ 3. 0]dched iars stuanpdiiaom i s appropriat
tension principal stress is the principal str
and all fractured samples in this study were
band -chradck wi dth, a, were collectFedumec8rding
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%=0
free surface

Fi guaSe .| i ptical surfac[eb.flati gue crack schem:

Fracture toughness was then calcul ated acc

_ -&ma%T)
Ki=MA=ET, (3.
whelmgi s the maxi mum applied tensile stress, b

magni fication factor related to crack geometr

Ek:o 1-7S|chdd ( 3.
which simplifies to
P -b2
Ekzé-faz) (3.
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Conf ePeroceecRloibnégrsy der man of Col orado School of
experiment al man d i xr ajeedeil nofpleusfthdipeaxkt e er Aut omot
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CHAPTER 4
RESULTS AND DI SCUSSI ON

Subsedt il pfnidg42r,®, and4S@lEe dtaiserdf og,u ra&Ed rtpa bsl e
from a manuscr  Hetatpudbliashe@®2i3nCobimé er ence

Benjamin!,HKignaolhs Rolmei eyl . EGrnyadeuredha nDe mMo o r
Faragand Bridan Marshall

Subsesdt bo2. 5. &rbeeasnadd 4098 nadx d&E rgpumeas manuscript
for publilcRhRHT®SEB Wor ItcheCongress 2024 Confer

Benjamin!HKignols Romelt €yl . EGrnyaceurerha nDée mMo o r
Farag&€hris3 F8mi aw’z Mand h Bl erstt eC .n

This chapter presents the results of this
subsection focused on a specific testing or <c
po-Beat treatment di mensi onalboann aglryasdiise,ntr apdrioafli
case depth analysis, micr-oeteuceéedrahdchaatct e
prior austenite gra-marsenei (PAGS )Yy aamasdloy snas | om:
anal ysis, torsiiochadl fatigaue vesdemigh preaefil es,
torsional fatidiuec Peidthme mo,stasadf daeict i ognt aft a @

Addi tionallyidehei saemgl basadeon the heat trea:

sampl e edartbourli. 2 mm and inducti on-3har dgameudp .t o

4. 1Pod#ieat Treat ment Dimensional Analysis
Before any mechani cal property or microstr

di mensional analysis was conducted on every t

average magnitude of warpingdial eadhcheat ma

measurements were arranged by heat treat ment

ICol orado School of Mines, Met al |l urgi cal and N
’Nexteer Automotive, Inc.

% nductoheat, I nc.

“Fluxtrol, 1Ilnec.

*See Appendix C for permissions and citations
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magni tude, and then the distribution of the g

across heat treatment conditions. The groups
Fi gulraend4 .ar e : agnefaslulrewent s | eesms(bhahoasaaduak
inch) were grouped in Range 1em n( 5 rtelreoy s amedatshus
inch) but | essent HelllDoonsavdquhbs ©b dB4i nch) were

yell ow, measur ememt(sllbpusandt hshamh 2a®%4inch) bu
508n gt2ZMousandths of an inch) ewermsamdgmeuasad eime n
greateremt {2Wo598€8ndt hs of an i nch)Whielree gpewipfei
values for individual samples are not present

analyzing the distrihBehi coandoti ome magni tudes

100 - - .

90
80
70
50

60
40

0_ —

llllTIIll

|

Measurement Distribution (pct)

30
10

lllllllllllllllllll.

\' \' '\" '\’

Fi gulrTer4s.i onal fatigue sample straightness mea
than or emu@% tmouLandt hs of an inch) were gr
measurements gmnw € bt drhotulsamdxh®d of an 4demch) but
( 1tOhousandt hs of an inch) were grouped in Rang
em (tlMousandths of an i nclm (@aho ulseasnd tthisaroforane
grouped in Range 3 in or anOg8&n (2mMWdumeaduhsemehnt
inch) were grouped in Range 4 in red.

Two i mportant trends-0ar2.000slea5d 01 hEiat st ,
treat ment conditions all have similar di strib

percentages of measurements in Rangesafhiythrou
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measur ement
percentage
measur ement
measur ement
deeper indu

oki twaerrpi ng

4 . 3.0

measur enBe.nbt sc oonnd iRainogne h3a v iwigt ha ts

s i n Range Second, the two

S I n3ROIngeondidnddnt Heew wiemy agy es wlhst an
s i n Range 4. Carburi zi[nlg3lia:ndk rt diven
ction hardened conditions displayi
resulting fdeempéemdiucduonhi dmarlamdan

exacerbating deformation caused by carburizin
4. 2Radi al Hardness Testing

Radi al hardness profiles were collected frr
sample of each heat treatmenFigondilhrenr. dahas
points were measured per depth at 120A apart
variations, and each of the three data points
representative hardnessdphot hatrdnaddi prohites
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4. 3Carbon Gradient Profiles and Case Depth An
The carbon concentration gradients coll ect

1.5 nmmarabsuri zed condiitgiudi resT haer g od maven aitn 0. 3 mm
the 1.0 mm condition should be ignored as the

contam|[ B.8&f i on

Tot al case depth was evaluated using the c¢
secPRi[Bn7]The measured base material carbon con
case depth according to the f wtpsctt oCheniihd sl che
content is not achieved in eithetralcomasd idep tbf
deeper than 2.5 mm for both conditions. Herri
effective case depth is to rmhualefjupiggtheetbowal:
approxi mation for the shallow condition resul
1.nYfm, which is deeper than the defined effecti

hardness definition.

The effective case depth was also evaluate
secti[on7]Z.hE chemical effective case depth def
i s the depth at which the carbon concentratio
effective casnan ¢pe piclesasf itshabbu@vda. Famen aept b h
1.5 mm condition is approximately 1.95 mm.
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The main observation when evaluating the ¢

that a deeper case depth was | ikely achieved
profil es. I f the carburized calse sSlapleepfert e
residual stress profiles and resulting fatigu
compressive residual stresses and in turn the

Tabll8u#dmary of Both Hardness and Chemical Cas

Condi Case Dep Tot al Case Effective (
Har dness Chemical Chemical
1 .-00 1.0 mm Greater th 1.7 mm
1 .-06 1.5 mm Greater th 1.95 mm
”.()IllllllllIIIIIIIlIIII
0.8 %
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1 I 1 I 1 | 1 I 1 I 1
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0.3 —|
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Fi gudCardb.on concentesaul toinngrfadomnttise two car bu

44 Microstructur al CRacaectvedi Matieomadf As
Mi crostructur al chacaicted i mat e oinalofwadheparst

Sampl es wer e s eertaidonuesd pfori e e tokfe d nhiesed thest ha |l har d

of trhecaisved material is 214 Brinell accordi ng
Mi crographs were prepared in the rolling and 1
nital etchant. The r esulFtiigrufg etBwa hmidci rroegert a pohnss
mul tiphase microstructure consisting of ferri
in the rolling direction exhibited significan
direction Mmigusteaib.phstn-abowneée-magenlichwdac ati on mi c
of the rolling direction highlkighue(ewagdt he ext
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I n addition to the examination with 2 pct
and etched wihtahs eedheetpchcantc taccibdetter reveal ar

exhibited a strong etching regporerseotncet i®r2 b

etchants was similar, indicating minimal pear
with thebpbedi et abiRditg ueice sdh.own i n

2P .

100 um § 0, R, § 100pm §

Fi guaLd ght optical miecred grreadp e cafosttireucasur e of
rolling (a) and transverse (b) directions, 2

500 um

Fi guagMd ch4.ographs reveal i ng -raedcdeiitvieodn anhi cdreotsatirl usc
4121m. (a) shows the extent of banding in the
the similar etching resp-basedo#ftitnhda ncdalt2i Inng tnoi n
pearl ite.
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45 Mi crostructur al Ch ar-hrcd eetrd d&z aMa toenr iodl t he He
This section discusses LOM and SEM microst

performed-toreatlee ha@adti gue speci mens.

45. 1SEM | magi ng

Since the samples in this study were proce
treatment, SEM micrographs were captured at s
the overall mi crostreatedef ptAlflukmispread rreemisse av
collected i n iThhe emalulriengni c¢irroga taipdhirs wer e obt ai
fiducial indents were added using the LECOE A

dept hsmmarfer ®m5t RegesMmef dbe @@ominal depths at wl
(Figud) eatnad i nducti on miagurds ivlkeg ec aled i chemt h sh a(l f
the nominal carburizing case deptihtehedaneai ot
the induction hardened Eia®!€lrDn od4a nadf(FtidgpatResb rdey c

Al | mi crostructures examined in this study
often being a combination of the two. Temper e
mi crostructure observed in the casieowmd guhe ca

A47anki gug eparts b, ccaebuandefd)-CohndfFheomsese (1. 0
A47anki gug epéarts a and d), ( bBveket 0 Hdodd rHveetdh mar t
mar t enshietsee icnondi ti ons consi §ppeofbainetg 6§UBE
observed in small fractions starting either i
a€arburizedi gudn eiptdirarss a( and d) or the inducti
the defined carburized case depth ofFitghue ecar b
419P. The core microstructure offi glu®) ec @Bmad inti it &n ¢
decomposition was observed in the core micros
har dened Fiogqwudida pdmtss (b, c, e, and f) and this
be a resul t-hedt iexge esfsitvlee rceor e( sleei Agpemaliux t A ¢
Retained austenite (RA) was also observed bet
mi crostructure at the defHingeudrlei dddci Roghleacde
49 for all heat treatment conditions. Finally

were observed across all depths and heat trea

4 4



i gu 0B)0ReD G, ID)O(-AL) BL. &nd
f)3105heat treatment conditions at -0.5 mm fr ¢
arburized conditions (parts a and d) are pri
nduction hardened conditionmat(paensstb, €pneéer
ightly increased to enhance detail s.
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(c)
Fi guadSeEMI .mi crographs at the defi nCk,dIlcE@A)Dd,ur(icz)ed
1.-30.0, - dip(-a) ® ad Oo(fh)eal. 3reatment conditions

mi crostructure for all conditions is primari./|
are obser-waedbuni zthd esnditions (parts a and d
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ASeEME .mi crographs of the cO,y e(-Bnick.edBdlr,uct ur
1L.62)01. 88d O(fh)eat. 3reat ment conditions, 2
bit a predominantly wupper bainitic micros
carburized plus induction hardened condi't
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(b) o (d)

of the induction hardene
1189dAd O( dn)ealt. 5t reat ment

ndntignpéabhebmhstansit
) , baénbdh il taer ngder ¢€f dr pabest el rovnesd

Fi gur @ EMI. mi crographs
carburizing.df -Bb6, (1A .J0
pct nital etch. Eaekiomo
small fractions ofiuappe

n.(c)
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(b) (d)

Ir®EMhi crographs at the inducti-nOhardening
-30. 0, -4.cO0, lamd O( dh)ealt. 55 reat ment conditions,
i bi tructure of plate mart

® /T
XE_'

g
). :
h ts a mixed micros
Two major observations can be made when co
along with identical | ocations between differ
t hat f or AOs ainA@ tthoeh dE it @ uGraeskld(g u8 e par t)s ias afnidner
than the martensite that for m&iigufaxiFidhgeirr et he

48, parts b, ¢, e, and f) or the exclusively i
i nduction haFidgeuldEnkh.agmplee AHOdwever, the marten:
carburized and induction hardened samples app

the presence of more visi-bbeboarbiedEsguH®L i ex
48parts a and d compared to the caFibgud eed. pl u

49






















































































































































