THE EFFECT OF MICROSTRUCTURE AND INDUCTION PROCESSING ON FATIGBERFORMANCE
AND CRACK INITIATION OF INDUCTION HARDENED BAR STEEL

by
Andrew B. Nissan



A thesis submitted to the Faculty and the Board of €asbf the Colorado School of Mines in partial
fulfillment of the requirements for the degree of Doctor of Philosophy
(Metallurgical and Materials Engineering)

Golden, Colorado

Date:

Signed:
Andrew B. Nissin
Signed:
Dr. Kip O. Findley
Thesis Advisor
Golden, Colorado
Date:
Signed:

Dr. Michael Kaufman
Professor and Department Head
Department of Metallurgical

and Materials Engineering



ABSTRACT

Induction hardened components rely heavily on both the hard martensite formed in the case during
processing and the corresponding compressive residual stresses to improve fatigue performance of a component. In
this study, 1045, 4145, and 1060 stalédys werecharacterized and fatigue tested with cantilever benditize as
hotrolled, normalized, or quenched and tempered conditidhs. alloyswere induction hardened to achieve either
Al owo or fihi g hiaduatian $aedening ghardrigation Raduded residual stress depth profiles,
microhardness traverses, and microstructure analysis in-freesssed and ruput at the endurance limit (1.5x10
cycleg conditions. The experimentally determined endurariogts were found to scalér§t by coremicrostructure
with ferrite/pearlite microstructures exhibiting the lowest endurance limits followed by bainitic microstructures and
finally tempered martensite microstructureg/ithin the tempered martensite cargcrostructurs of the 104&nd
4145 conditionsthe endurance limit was found to increase by increasimgorehardness.Fatigue testing
elucidatel the competing crack nucleation mechanisms (i.e. microstructural feature versus inclusion controlled crack
nucleation). Fatigue craks mly nucleated fromnmicrostructural featussn the 1045 normalized low and high case
depth condition as well as the 4145 hot rolled high case depth condition. Hofatigee cracks nucleated from
bothinclusiors and microstructural featusén the1045 quenched and tempered low and high case depth, 4145 hot
rolled low case depth, 4145 quenched and tempered low case depth, and 1Gfi@etboonditiors. The
microstructural feature responsible for crack nucleation in some conditions was chamhetéhzzvanced
microscopy utilizing a focused ion beam (FIB) and electrokdizdtered diffraction (EBSD). Characterization of
the 1045 normalized condition revealed a ferritic region with fatigue induced deformation substructure in the crack
nucleationarea. The crack nucleation region in the 4145 hot rolled conditiomasgasiated with thieainitic
microstructure.Because of the prominence of inclusions nucleating fatigue cracks in some conditions, extreme
value statistical (EVS) analysis was und&en based on an inclusion survey of the 1045, 4145, and 1060 alloys.

By combining EVS analysis with a fracture mechanics methodology, the endurance limit of the induction hardened
samplesvasconservatively estimatedlithin 5-15 pct. of the experimentgldetermined endurance limit#\

Woodvine analysis, modified by incorporating residual stress, was also performed by comparing the local fatigue
resistance based on the local microhardness to the effective stress (applied stress pidsahstress).The

modified Woodvine model successfully predicts tineleationocations of fatigue cracks observed during fatigue
testing and provides insight on the effects of case deptéction of core microstructures)d residual stress on

fatigue resistance.
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Figure 6.12 Overall fracture surface of the 1045& T ( a ).=6F20MPa,(N€59 5, 518) and666 b) hi gh
MPa, N = 666,096) case depth condition. The stable crack growth region as well as the case and core

are Clearly VISIDIE..... ..o et 87

Figure 6.13 Representative examplesf i n c | u $=638 MRa, N=( &3)8 3(, ¥ 4 4, ¥5&aInMPa, b ) (G
1,602,816) observed at the fatigue crack nucleation location of theHR48duction hardened

1= 10 ] o L= TSSO PP PP URTTPPPPPN 88

Figure 6.14 Overall fracture surface of the 414bR ( a ) ,=626MPa,N& 567, 743) a&%wd (b) hig
MPa, N = 2,353,221) case depth condition. The stable crack growth region as well as the case and

core are Clearly VISIBIE...... ... rrrs e e e e e e erer e e e e e e e aaaaaeaed 38

Figure 6.15 SEM images of the fatigue crack nucleating grain in the 4145 ( a ) ,=356 MPa,(N&
1,253, 833) ,&565MPaNx 2,810,886) cageldepth condition could be clearly
identified utilizing the bek scattered detector in an SEM............cccciiiiiiiiccciiiiieeeee e 89

Figure 6.16 SEM images of mating fracture surfaces (a) and (b) in the-BRi®w case depth condition
demonstrating that an=612rvP4 N=2247M6%va.s....n.a.t...B8 esent (

Figure 6.17 SEM image of the fatigue crack nucleation locationinthe 4445 | ow case dgP28h condi

MPa, N = 567,743). Carbides characteristic ofrti@ can be seen and are indicated by arrows90

Figure 6.18 SEM image of the nucleation location ofthe 4HR | ow case dgs@dMPacN=ndi ti on (
LG A €5 ) T PRSPPI 90

Figure 619 Hi gher magni fication SEM image of the fatigue cra
Y Y | = W N TG A 4 SRR 91

Figure 6.20 ECClimage ofa4145lR | ow case depth FIB mill ed,=662mpl e near
MPa, N = 900,136). The vertrical streaking is an artifact of the milling of an uneven surface at a high

(1) o U1 (=1 0| 91

Figure 6.21 EBSD inverse pole figure (IPF) of the FIB milled region near the nucleation location of thé¢#RL45
|l ow case dg¥662nVPas M=9p0,186). (Thie EBSD image was acquired at a crack
nucleation region similar tBigure 6.19color image; refer to PDF fil€)..........ccccccceviiiiiiceccnnenn, 92

Figure 622 Hi gher magni fication SEM image of the fatigue cra
Z662 MPa, NZ900,136) - ueeeieeeeiiiieeeiiieeesameeeieeeseteeessseeeeaseeeeameesnseeesanseeeasseeesassenaneeeanseneennees 92

XVii



Figure 6.23 ECCl imageofa4146iR | ow case depth FIB milled,=662mpl e near

MPa, N = 900,136). The vertical streaking is an artifact of the milling of an unevéatsuat a high

([0 o UL (=1 0 | S 93

Figure6.24 Repr esent ati ve SEM i.,rdygMPs,Nof 307 c# 86F aMPa,Nbr) (00
= 247,095), observed at the fatigue crack nuadedtication of the 4148&T induction hardened

1= 10 ] o L= TSSO PP PP URTTPPPPPN 93

Figure 6.25 Overall fracture surface of the 4:3& T | ow c as e d,e672 MPa,dNo 104,374).i Then ( G

stable crack growthegion as well as the case and core are clearly visible...........c..ccceeeeeeee 94

Figure 6.26 Overall fracture surface of the 1060N (a) high .73 MPa, N= 190,532) and (b) high 713
MPa, N = 2,923,592kase depth condition. The stable crack growth region as well as the case and

COre are Clearly VISIDIE.. .........ooi et 95

Figure 6.27 SEM fracture surface images of the 186high-1 case depth condition tite (a) nucleation location

and (b) case region immediately above the nucleation location...............cuvvvieeeriicciiiiiiiinennn! 95

Figure 6.28 SEM images of the abrupt transition from stable fatigue crack to core in theNL@MHigh-1 and (b)
High-2 case depth CONAItIONS...........ooiviiiiiii e er e s e e e amae s s e e e aeaaeas 96

Figure 6.29 Stresdlife curves for the small proportional fatigue samples. Open symbols represent run out

(070 1o 11170 1 1= 97

Figure 6.30 Representative small fatigue fracture surface of the -Nd4bndition (a) near the surface and (b) in the

o)V =T g (oY= ol =Yoo PP PP TP PP PRPP PPN 99

Figure 6.31 Representative small fatigue fracture surface of the {@&% condition (a) near the surface and (b) in

LA L0 )V =T (o= To N £=To [T ] o PO PP PP PPRP Q9

Figure 6.32 Representative small fatigue fracture surface ofittd5HR condition (a) near the surface and (b) in

L0 (SIN AV Z=T ¢ (o =T I =Y o [ o o 1SS 100

Figure 6.33 Representative small fatigue fracture surface of the 41&% condition (a) near the surface and (b) in

0Ll 0NV=Tq (o F=To N = To (o] o T PRPPPPPPP 100

Figure 6.34 Representative small fatigue fracture surface of the -N66ndition (a) near the surface and (b) in the

[0}V =T g (o= o N =T o PP RPPR TP 101

Figure 6.35 Stressstrain curves for the 1048 and 1048Q&T conditions in which the samples had the same heat

treatments and hardness as the case Or COre MICrOSIIUCTULE........vvveeieereieeee e e e eeee e e e eeaeeees 102

XViii



Figure 6.37 Stressstrain curves for the 1068 and 1060 simulated case CilioNS.............cccvvvvveveeeeeeeeeeinennns 103

Figure 6.38 Representative SEM fractograph of the 104 &ensile sample with a higher magnification image (a)
SNOWN TN (D) 1ttt e s e e e e e e e s e e e e e s aneen e 105

Figure 6.39 Representative SEM fractograph of the 1-@A&T tensile sample with a higher magnification image
(8) SPOWN TN (D)t e ettt e s ne e e e e e e e an s 105

Figure 6.40 Representative SEM fractograph of t@5 simulated case tensile sample with a higher magnification

iIMage (2) SNOWN N (10)...uieiiiiiiiiii e 106

Figure 6.41 Representative SEM fractograph of the 4HI tensile sample with a higher magnificatiamage (a)
£ 010 111 T T T () PR 106

Figure 6.42 Representative SEM fractograph of the 4T4&T tensile sample with a higher magnification image
(8) SPOWN TN (D)t t ettt et e e e e na e e e e e e e an s 107

Figure 6.43 Representative SEM fractograph of the 4145 simulated case tensile sample with a higher magnification

image (&) SNOWN N (10)...ccooiiiiiiiie e 107

Figure 6.44 Represetative SEM fractograph of the 1060tensile sample with a higher magnification image (a)
£ L0111 T T (o) PP 108

Figure 6.45 Representative SEM fractograph of the 1060 simulated case tensile sath@ehigher magnification

IMAge (2) SNOWN TN (D)-..ii e e e e e e e e e e e e e e e aneeeeeeeeeeesnaennaans 108

Figure 7.1 Inclusion surveys were conducted in the longitudinal orientation and later converted tashersa

Figure 7.2 Histogram with a distribution overlay for the 1045 transverse orientation MnCas fit with a<(a) log
normal and (b) WeildUdistribULioN.............uuiiii e 110

Figure 7.3 Histogram of the (a) AD; and (b) MnAIS inclusions in the 1045 alloy longitudinal orientation with

the lognormal distribution OVEerlaid..............coeiiiiiiiii s 110

Figure 7.4 Histogram of the (a) AD; and (b) MnAIS inclusions in the 1045 alloy transverse orientation with the
log-normal distribution OVEIIAId. .........ccooiiiiiiiiie e rmeee e 111

Figure 7.5 Log-normal inclusion distributions for a 1045 alloy in the (a) longitudinal and (b) transverse direction

(color image; refer t0 PDF fil€)......uuiiiiiiie e eeee e e e e 112

XiX



Figure 7.6

Figure 7.7

Figure 7. 8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Log-normal inclusion @tributions for a 4145 alloy in the (a) longitudinal and (b) transverse direction
(color image; refer t0 PDF fil€)....uuuii i eeee e 113

Log-normal inclusion distributions for a 1060 alloy in tla fongitudinal and (b) transverse direction

(color image; refer t0 PDF fil€).........c.uuiiiiiiii et 114

Longitudinal 1045 EVS plot of the maximum inclusion observed in the 10 mm x 10 mm sampling
areador each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximum likelihood method while the 99% esigled confidence bounds for each inclusion type are
ASNEA INES.....ceei et e e e e e r e n e ene e 116

Longitudinal 1045 EVS Plot of the maximum inclusion observed in the 5 mm x 10 mm sampling areas
for each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximum likelihood methodhile the 99% oneaided confidence bounds for each inclusion type are

[0 F= ] =T I 1 T OO 116

Longitudinal 1045 EVS Plot of the maximum inclusion observed in the 5 mm x 5 mm sampfiisg ar
for each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximum likelihood method while the 99% esieled confidence bounds for each inclusion type are
JASNEA NINES... .t eeeaannaes 117

Longitudinal 1045 EVS Plot of the maximum inclusion observed in the 2.5 mm x 5 mm sampling

areas for each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximum likelihoodmethod while the 99% orsided confidence bounds for each inclusion type are

Lo F= ] =T I T 1= SO UURU 117

Longitudinal 1045 EVS Plot of the maximum inclusion observed in the 2.5 mm x 2.5ampilisg

areas for each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximum likelihood method while the 99% esieled confidence bounds for each inclusion type are
ASNEA NINES... i eee e 118

Longitudinal 1045 EVS Plot of the maximum inclusion observed in the 1.25 mm x 2 mm sampling
areas for each of the six inclusion types tracked. The best fit lines are solid and were generated by the
maximumlikelihood method while the 99% orsided confidence bounds for each inclusion type are

Lo F= ] 1 =T N T 1= SO 118

Predicted effective diameter for different critical areas of intere$teo1 045 steel alloy utilizing

estimators obtained from different sampling areas for MnS and MnAIS inclusion.types....... 120

XX



Figure 7.15 Predicted effective diameter for different critical areamtarest of the 1045 steel alloy utilizing

estimators obtained from different sampling areas for MnCa$S aq@} iiclusion types............... 121

Figure 7.16 1045 EVS plot of the maximum inclusion ardaserved in the 10 mm x 10 mm sampling areas for
each of the six inclusion types tracked. The area was based on the dimensions observed on a plane
longitudinal to the rolling direction. The best fit lines are solid and were generated by the maximum

likelihood method, while the 99% os&led confidence bound for each inclusion type are dashed

Figure 7.17 4145 EVS plot of the maximum inclusion area observed in the 10 mm x 10 mmrsqan@as for
each of the six inclusion types tracked. The area was based on the dimensions observed on a plane
longitudinal to the rolling direction. The best fit lines are solid and were generated by the maximum
likelihood method, while the 99% owséded confidence bound for each inclusion type are dashed

Figure 7.18 1060 EVS plot of the maximum inclusion area observed in the 10 mm x 10 mm sampling areas for
each of the six inclusn types tracked. The area was based on the dimensions observed on a plane
longitudinal to the rolling direction. The best fit lines are solid and were generated by the maximum
likelihood method, while the 99% orseded confidence bound for each incarstype are dashed

Figure 7.19 EVS analysis in the longitudinal orientation using a critical area (S) of 100@rith corresponds to
a return period (T) of 100 for the 1045, 4148d 1060 alloys. The error bars represent the 99% one
sided, lower bound, CONfIdENCE INEIVAL.........ooiiieii i e eeeee e 123

Figure 7.20 Dimension measured for each inclusion type to determine the sgoienal ara for endurance limit

(ST 1 0= Lo T 124

Figure 7.21 1045 EVS plot of the maximum inclusion diameter observed in the 10 mm x 10 mm sampling areas
for each of the six inclusion types tracked. Bhea was based on dimensions that reflect the area of
the inclusions in th&ransverseplane. The best fit lines are solid and were generated by the maximum

likelihood method while the 99% ovséded confidence bound for each inclusion type are dastesd lin

Figure 7.22 4145 EVS plot of the maximum inclusion diameter observed in the1l0 mm x 10 mm sampling areas for
each of the six inclusion types tracked. The area was based on dirsehsiomeflect the area of the
inclusions in tharansverseplane. The best fit lines are solid and were generated by the maximum

likelihood method while the 99% orsded confidence bound for each inclusion type are dashed lines.

XXi



Figure 7.23 1060 EVS plot of the maximum inclusion diameter observed in the 10 mm x 10 mm sampling areas
for each of the six inclusion types tracked. The area was based on dimensions that reflect the area of
the inclusions in th&ansverseplane. The best fit lines are solid and were generated by the maximum

likelihood method while the 99% orsded confidence bound for each inclusion type are dashed lines.

Figure 7.24 EVS analysis in theransverseorientation using a critical area (S) of 1000fwiich corresponds to
a return period (T) of 100 for the 1045, 4145, and 1060 alloys. The error bars represent the-99% one

sided, lower bound,onfIdENCE INLEIVAL...........iiiiiii e rre e 127

Figure 7.25 EVS analysis of the inclusions at the fatigue crack nucleation location in theQ®B%ow and high

case depth conditions as well as the 4Q&T low casedepth condition..............cccceeeviiiirieeennn. 128

Figure 7.26 Comparison of the Max inclusion category (transverse orientation) to the EVS analysis of the
inclusions at the fatigue crack nucleation location for the D&% low and high case depth

(o701 010 11170 TR 129

Figure 7.27 Comparison of the Max inclusion category (transverse orientation) to the EVS analysis of the

inclusions at the fatigue crack nucleatioodtion for the 414®R&T low case depth conditions...130

Figure 7.28 SEM image of the 1045l induction hardened samples demonstrating that there is no discernible grain

at the fatigue crack NIEALION [0CALION..............uviiiiiii e e 131

Figure 7.29 SEM image of the 414BIR condition demonstrating that grains observed at the nucleation location

are clearly visible when imaged with a back scattered detecto..............cooeeviccceee e 131

Figure 7.30 EVS analysis of the microstructural features at the fatigue crack nucleation location in tHéRl145

low and high case depth CONAIIONS..........c.ooiiiiiiii e 132

Figure 7.31 Representative EDSpay map of the inclusion at the fatigue crack nucleation region of Q845

high case depth sampleolor image; refer to PDF report fide.........cooovvvveviiiiiiiiiceee e, 133

Figure 7.32 Representative EDSpay map of the inclusion at the fatigue crack nucleation region of aMR45

low case depth samp(eolor image; refer to PDF report fide............uviiiiiiiiiiiiceeee e 133

Figure 7.33 Representative EDSpay map of the inclusion at the fatigue crack nucleation region of a2@&45

low case depth samp(eolor image; refer to PDF thesis fle. ... 134

Figure7.34 Representative EDSpay map of the inclusion at the fatigue crack nucleation region of a6

case depth sample. Note the absence of(bor image; refer to PDF report fide..........cooee. 134

XXii



Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure8.6

Figure 8.7

Figure 8.8

Figure 8.9

Critically st r e)obaddrinvottingbeedind [##]¢@ ..0..6% @ é é é . 136

Schematic showing the critically stressed area and volume in a case hardened Samplea is
defined as the depth from the maximum stress at the case/core interface to 90 pct. of the stress at the
case/core interface. The critically stressed volume extends the critically stressed area along the length

of the sample from the maximurnress to 90 pct. of the maximum Stress..........ccccovcvvievieeneeen. 136

1045Q&T low case depth (a) depth of fatigue crack nucleation and (b) moment arm to the fatigue
crack nucleation. The depth correspogdio 90% of the stress at the case/core interface is shown in
(a) and the length corresponding to 90% of the maximum stress along the length of the sample is
£ [0 Y TR T T () PSSP EEERR R 137

1045Q4&T high case depth (a) depth of fatigue crack nucleation and (b) moment arm to the fatigue
crack nucleation. The depth corresponding to 90% of the stress at the case/core interface is shown in
(a) and the length corresponding to 90% of the maximum stlesg the length of the sample is

SNOWN TN (D)t 137

4145Q4&T low case depth (a) depth of fatigue crack nucleation and (b) moment arm to the fatigue
crack nucleation. The depth cesponding to 90% of the stress at the case/core interface is shown in
(a) and the length corresponding to 90% of the maximum stress along the length of the sample is
£S] 010 111 T T T () PP 138

Cal cul gvaleed for@lK1048&T and 4145Q&T induction hardened samples. The published
val ue syfood ferritedp&arlite and tempered martensite 1045 steel are shown with long dotted
' ines and tyforthed045&Taagk4145@8K samples are shown with short dotted

Stress at the crack nucleation location versus cycles to failure for theQ8RTow and high case
depth conditions as well as th&45Q&T low case depth condition for crack nucleation at inclusions.

All data were fit to a CoffilManson eqUALION..........ccooiiii i e 140

Cal c ul ddriactusiogmkin the 104R&T and 4145Q&T steels with the application of residual
stresses at t he gpfedsdthe strass atéhe énduramce limit for Bdcke condition and

t h gis the average residual stress measureatethe nucleation location for each condition..141

Axial residual stress profiles from the (a) case depth by microhardness to the depth corresponding to
90 pct. of stress at thesmcore interface (b) core region depth (Zone 3) to the depth corresponding to

90 pct. of the stress at the cagEe interface............ooouiiiiiiii e 143

XXili



Figure 8.10 Equations (8.6) or (8.7) predict the enduraliét at the case/core interface so the endurance limit at

the surface MUSt DE CAlICUIALEM. ...........cvuiiiiiit e e e e ereee e e e eees 147

Figure 9.1 Calculation of the stress at the nucleation region reduhe moment arm to the fracture surface as

////////////////

Figure 9.2 Calculated stress at the nucleation location versdggyo failure for the 1048 low (squares) and

high (circles) case depth The low and high case depth data was fit to aaffson equation...151

Figure 9.3 Calculated stress at the nucleatlocation versus cycles to failure for the 163&T low and high
case depth condition. Fatigue crack nucleation occurred at both inclusions and microstructural features

in the low and high case depth conditions. Each data set was fit to a-Raffsm equation.......151

Figure 9.4 Calculated stress at the crack nucleation location versus cycles to failure for th@&046w
(squares) and high (circles) case depth conditions with the 0d% (triangles) and high (diamonds)
case depth condition samples that nucleated a fatigue crack at microstructural features. There were an
insufficient number of data points for a Coffutanson fit of the 1048R&T low case depth

microstructural feature NUBRLEA faIlUME..........ooiveiiee et 152

Figure 9.5 Calculated stress at the crack nucleation location versus cycles to failure for tHdR 1 (open
symbols) and high (solids symbols) case depth conditionly.ifetusion nucleated failures were

observed in the low case depth CONAItION..............oiiiiii i ccee e 153

Figure 9.6 Calculated stress at the crack nucleation location versus cycles to failure for th@&146w case
depth condition for nucleation at both inclusions (open square) and microstructural features (solid
(0 [ F=T 0770 1 o ) TR PP PP SRR 153

Figure 9.7 1045Q&T (a) Vickers microhardness traverse and @oax diffraction residual stress depth profile.

Figure 9.8 Woodvine diagram for the 1049 low case depth condition with the applied stress at the endurance
limit. Fatigue crack nucleation deptlindependent of stress, are shown for all fractured samples
1o [Tor=N=To [ o) VA= o T S 155

Figure 9.9 Woodvine diagram for the 1048 high case depth condition with the applied stress plotted at the
endurance limit. Fatigue crack nucleation depths, independent of stress, are shown for all fractured

samples iNdICAted DY 8N X.......oiiiiiiiiee et 156

XXiV
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CHAPTER 1: INTRODUCT ION

Induction hardening is quick, sbeffective, and allows for repeatable high threpghof samples with a
very reliable low maintenance setumduction hardening exhibits significant advantages of other surface hardening
methods alsoThe short time between heating and quenchiilgmizesdecarburization or significant grain growth
of the steel, angarts are produced with limited distortiobow alloy steel can be effectively induction hardened to
produce substantial improvements in wear and fatigue performance without the aafditipensive alloying
elements, and induction hardening equipment is also very versatile in that it can be used for either case or through
hardening heat treatments as well as selectively hardening only critical regixiggmmetric or near axisymmetric
parts are ideal for induction hardening, but emocomplex norsymmetric geometriesan also be induction
hardened.

Any metal can be induction hardened, but ferromagnetic materials (e.g. iron or steel) are especially
responsive to induction hardeningerromagnetic materials respond well to induction heating because both
hysteresis and eddy current lossaa contribute to heatirig a part depending on the frequency of the induction
hardening operationlnduction hardening is a complex interaction kextw electromagnetism and heat transfer. As
the workpiece heats uthere are magnetic, resistive, and temperature changes that cause the induction hardening
process to be a complex transient problem from the stariatihiyeo the quenching processludion hardening is
different from other case hardening methods in that there is no chemical change at thefttivégpart after
induction hardeningnlike surface hardening treatments suchaaburizing or nitriding. Instead, induction
hardening relis exclusively on phase transformations to create a wear resistant case and compressive residual
stresses at the surface. The resulting martensitic case as well as the compressive residual stresses improve the wear
and fatigue life of induction hardenednsponents significantly over non hardened components.

Fatigue performance of induction hardened parts are dependent on several factors including the pre
induction hardenethicrostructure, induction hardening parametpostinduction hardenechicrostructire,and
residual stresses. Therefore, the goal of this project,ibgilgponpreviousinduction hardening pjects at the
ASPPR(1i 4], is to develop interrelationships among thizesors to better understand the optimizatdn

induction hardening processes for fatigue performance.

1.1 Research Objectives

The scope oftte project is to examine the fatigue response of three alloys as a function of their initial
microstructure after induction hardening to produce approximately the same case depth in each comtlittan |
hardeninchas beemperformed to obtaia low am high case depth for two steel allq#945 and 4145) The third
steel alloy, 1060, was induction hardened to achieve two case depth$;dmnghigh2. The highl case depth is
meant to be consistent with the high case depth of the 1045 and 414ttoosndihile the higi? case depth is
significantly deeper than the high case depth of the 1045 and 4145 conditions. The initial heat treatments of the
steelalloysare normalized (N) and quenched and tempered (Q&T) for the 1045 sthetralled (HR) andQ&T



for the 4145 steel, and N for the 1060 steel. Microstructural characterization, residual stress analysis, and modeling
approacheareall employed to determine relationships between starting microstructure, induction hardening, and
fatigue behavio The main research objectives of this study are as follows:

1. Evaluate the effect of starting microstructure and compositichefiatigue behavior of threalloys that
have been induction hardened to achieve similar case depths

2. Determine the competincrack nucleation mechanisms as a function of composition, prior microstructure,
and case depth.

3. Model inclusion populations using extreme value statistical analysis (EVS) coupled with a fracture
mechanics methodology to estimate the fatigue enduranits litiizing hardness, residual stress, and
specimen geometry.

4. Develop modelshat incorporate residual stress profiles, case depth, prior microstructure, local hardness,

and crack nucleation mechanistagredict fatigue lifeof the induction hardenexpecimens.



CHAPTER 2: BACKGROUND

In this chapter, thtundamentals of induction hardening are coverlethig witha short discussion of
hysteresis losses, eddy currents, and heat transfer during the induction hardening Ragiesaustenitizatiomd
residual stress development in steels during induction hardeniatsatiscussed.The effect of alloy selection and
specifically carbon content on hardness after induction hardenauigiressedThe origin of inclusions in steel and
their effectson mechanical properties are also reviewed. The method of characterizing inclusion populations by
extreme value statistical (EVS) analysis and determining the endurance limit based on the EVS analysis is also

introduced

2.1 Fundamentals of Induction Hardening

Induction hardening is quick, cost effective, and allows for repeatable high thpotigih samples with a
very reliable leav maintenance setypnd here are significant advantages owgher surface hardening methods.

The short time between haa and quenching does not allow sufficient time for decarburization or significant grain
growth of the steel, and there is little to no distortion of the part from the heat treatment operation.

Low alloy steel can be effectively induction hardened tmlpce substantial improvements in wear and
fatigue performance without the addition of expensive alloying elements, and induction hardening equipment is also
very versatile in that it can be used for either case or through hardening heat treatmentasaselhegdtively
hardening only critical regionsAxisymmetric or near axisymmetric parts are ideal for induction hardening, but
more complex nosymmetricgeometiescan also be induction hardened.

Induction hardening is different from other case hairtiemethods in that there is no chemical change at
the surfacef the part after induction hardeninglike surface hardening treatments suchaaburizing or nitriding.
Instead, induction hardening relies exclusively on phase transformations to onesterasistant case and
compressive residual stresses at the surface. The resulting martensitic case as well as the compressive residual
stresses improves the wear and fatigue life of induction hardened components significantly over non hardened
componets.

Any metal can be induction hardened, but ferromagnetic materials (e.g. iron or steel) are especially
responsive to induction hardening due to their ferromagnetic properties. Ferromagnetic materials respond well to
induction heating because both lgrsisis and eddy current losses contribute to heatirig a part depending on
the frequency of the induction hardening operatkigyre 21).

Induction hardening is a complex interaction between electromagnetism and infat trBhere are
magnetic, resistive, and temperature changes that cause the induction hardening process to be a complex transient

heat transfeproblem from the start of heating to the quenching procedsoamsn Figure 22.
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well as the heat lossfrom radiation, convection, and conduction.

2.1.1 Overview of thelnduction Hardening Process

The basic induction hardening agi involves the use of a water cooled copper conductor that surrounds
the workpiece Copper coils aresed to minimize resistive heating from the high alternating current, and the coil is
watercooled to prevent meltindue to the high power inpubeveralkexampleof induction coil/workpiece
configurations are shown Figure 23. Induction hardening can be conducteith scanning co8 ormultiturn
coils. Inductionhardeningconfiguration desigiis also versatilefor examplea single surface can be heated or just

the inner diameter of a tube.
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Figure 23 Typical induction coil to workpiece configuration with the magnéétd lines shown for each

configuration[6]

Eithersingle sho{stationary) or scanningrogressive)nduction hardening processare possible with the
water cooled copper coil configuratio®ingle shot induction hardening is usually conducted with a multiple turn
coil where the coil and sample do not move relative to each @lgrire 2.2). Scanninginduction heating
involves holding the sample stationary and moving the coil up or down the workpiece at a constant scan speed
(Figure 2.3). Themain advantage of a scanning coil is that the paomgart to the workpiece is concentrated into a
single coil which can allow for faster heating rates and shallower case depths depending on the size of the power
source available for hardening. Additionally, the scanning induction coils can have eithtergaated quench ring
whichis incorporated into the coil aradlowsfor immediate quenching of the materédter heatingor an external
quench ringseparate from the scanning ¢eihich can allow for a greater flow rate of quenchant on the sample
Single shot coils do not have integrated quench rings and instead rely on an external qugméb geench the
sample after heating. During both single shot and scanning induétioisymmetric geometriethe workpiecas
constantly rotating during éhheating process to ensure even heating.

The induction hardening generator power and frequency specification varies by manufacturer and model
but can range from 1KW to 1 MW usingalternating current at frequencies1 kHz to greater than 200 kHz
depending on the desired case depth and type of induegiating[61 9] (Figure 24). Asshown inFigure 24,
single shot hardening is usually conducted using higher poaersdan hardening because the entire section to be
hardened must be heated at once, rather than progressively, which requires greater power. The frequency range at
which scan hardening is conducted is also more Varthln single shot hardenirand thepower input trends
downward as the scan hardening frequency increases. As the frequency increases in scan, tia@detahgower

input into a part is concentrated into a smaller area, so less power is needed to effectively austenitize the part.
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[10].

2.1.2 Hysteresis Losses, Eddy Currers, and Heat Transfer
Induction hardening is a complex interaction of both electromagnetic radiation as well aarisfat.tr
During the heating cyclehere are two types of heating that a ferromagnetic material (e.g. steel) undergoes:
hysteresis and eddy currdass(Figure 21). Hysteresis losses dominate at frequencies less than appedyiBat
70 kHz[5] and are caused by the rapid change of magnetic fields due to the alternating current in the induction coil.
The changig magnetic field causes the domains in the ferromagnetic steel to rapidly ciaideresults in a
hysteresis in the magnetization versus magnetic field strength behavior as stagumer25. The magnitude of
the power disgated into the workpiece is the area encompassed within the hysteresigtanid]. As the
frequency of the alternating current of the induction coil is incrededhysteesis curve contrastuntil the forward
and reverse responses are the sameé thughe power input from hysteresis losses decreases and is surpassed by

eddy current losses.

T Field removal or
reversal

Initial

1/ magnetization
0 +H, H—
S’
Figure 25 Typical hysteresis cue/for a ferromagetic materialvhereB is the total magnetic field artd is

the externally applied magnetizing fiditR].



Eddy current heatinglso known as Joule heating, is the primary form of heat input into a workpiece at
frequencies greater than 70 kf52. Eddy currents are caused by local magnetization of the workpibizh
causes magnetic eiddto develop within the material. Theddesdissipate their energy into the surrounding
material resulting in heating of the workpiecéor thin sheets, assuming the magnetic field is uniform and the

material is homogeneous, the power input into a workpiece due to eddy current losses can be deft8ped by
, 1 00QQ
V] B ——
(p)) O
whereB, is the peakmagneticflux density,d is the thickness of the shekts the frequency, is the resistivity of the

2.1)

material, and is the density of materialThus,the powermput into a workpiecencreases witlincreases in the
frequencyandmagnetic fieldstrengthanddecreaseasthe resstivity of the materiaincreases Sincethe magnetic
field during induction hardening of a ferromagnetic material is not uniform thraghe thickness of the part, the
depth of heating is less than the thickness. This depth of heating is calleckHesitiand can be predicted [8}:

P

(.I e— .
0. (2.2)

where U is the pistmedrequeacy (Hpognis thkeeetietmagneti¢ permeability (unitless), aind
is the electrical conductivity (S/m). The penetration depth is the distance from the surféloe mbokpiece at
whichthe current i87%and the power density is 14% of the current and power at the surfdeepzrt (63% of
the current and 86% of the power is contained in the penetration @&i@hl1]. Equation(2.2) can be further
simplified to:

1 UMTTF Q4 Qo I0RIO i 23)
whereli is the penetration depth (inorcm), s r e s i-irsadrq-omi, &, ig thg rejative magnetic pesability
(unitless), and is frequency (Hz]7]. The relative magnetic permeability is a ratio of the magnetic gaitity (€)
of the material over the permittivity of free spdeg and is given by12]:

— (2.4)

The induction heating response of a ferromagnetic workpiece changes once the material passes through the
Curie temperature, the tgm@rature at which the material switches from ferromagnetic to paramagnetic behavior. In
steel, the Curie temperature is 770 °C irrespective of carbon content. Above the Curie temperature, the relative
magnetic permeability becomes unity and the penetralépth increases dramatically as showhigure 26. This
increase in the penetration depth of the workpiece can result in overtempering of timéccos&ructureduring
hardening and longer heating tinreguiredfor deep cas depthdecause of the more diffuse heating through the

austenitized layer
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Figure 27 Current distribution at the start and end of an induction heating cycle in carbon steel.

Adding to the complexity of induction hardening is that all three types of heat transfedadogy
processing: conduction, convection, and radiation. Heat is constantly conducted from the hot surface to the cooler

core, so additional heat input is required to achieve the desired temperature (such as theatisidrimperature);



furthermore heat conduction into the interior can ovemper the microstructure at the case/core interface. Heat is

also lost to the environment through radiation and to a lesser extent through convection. Heat loss is a major factor
in determining the total he&tput into the workpiece. During quenching, convection draws heat from the surface

and conduction draws heat to the surface. However, heat also conducts to the core of the workpiece until the surface
of the workpiece has been cooled to the ambient teatyre, at which point heat is then conducted from the warmer

core to the cooler surface. The heat conduction processes can result in a small amoutegropatitey of the

workpiece but usually only if the workpiece and case depth are sufficiently large

2.1.3 Alloy Content and Carbon Content Selection of Induction Hardened Steel

As previously stated, induction hardening, unlike other case hardening methods relies exclusively on the
formation of martensitaith no composition change produce a hard figiue resistant case and compressive
residual stresses at the surface of the part. Because induction hardening relies on transformation of the case to
martensite, carbon and alloy steels in the carbon content range@b®# pct. C are especially swtl for
induction hardeningFigure 28). This carbon range allows foretthigh hardness (580 HV) required for wear and
fatigue resistance, but generally avoids the problems associated with higher carbon content steelyench as g
cracking and temped martensitembrittlemen{Figure 29). However, carbon and alloy steels with carbon
contents outside of the GB15wt. pct.range are commonly used in industrial induction hardening processes. If
lower carbon steel is used, then a lower surface hardnelsesulting wear resistancrist be accepted. If a higher
carbon content is us€@ > 0.55wt. pct.), precautions should be taken to ensure that quench cracking of the surface

does not occur.
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Figure 28 Hardness range for steel with different carbon contents as well as the typical hardness ranc
carburized componenf$4, 15]
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2.2 Rapid Austenitization and Hardenability of Steel Microstructures

Induction hardening relies on rapid austenitization of the microstructure during the short heating cycle.
Austerite can nucleate at ferrite grain boundaries, adjacent to spheroidized carbides, or within pearlite colonies
Figure 210 shows nucleation at these various sites. Growth of the austenite grain into the pearlite is very rapid due
to the abundance of carbon from the cementite and the correspondingly short diffusion distances into the
interlamellarferrite. Figure 211 demonstrates how an initial austenite grain will grow within pearlite. Due to the
slow dissolution of carbides, additional austenite grains can nucleate within the same pearlite colony. If, however,
the austenite is to grow into the ferrite, carbon must diffuse from the cementite, which results in much slower
austenite growth. Because difiois is relatively sluggish compared to the short heating time, an ideal
microstructure would have a fine dispersion of carbides throughout the microstructure to allow for rapid
austenitization. For this reason, a coarse spheroidized microstructure hatdea to be the slowest and least
responsive to induction hardenify]. Previous work at the AFHRC demonstrated that an@senched
microstructure responds the best to induction hardening followed by a quenched and temgrestdicturg?2].
Depending on the heating rate and the final temperature achieved during induction hatderingtenite formed
can either be homogeneous or inhomogeneous based on carbide dissolution. If the cdhidas adstenite grain
do not entirely dissolve, the austenite is considered inhomogeneohasadower carbon content than
homogeneous austenite woul@ihe lower carbon content of the austenite reducegrtensity for quench
cracking[16]. However, because fully homogeneous austenite would require an almost infinite amount of time to

form, the microstructure is still coldered homogeneowven if very small carbides are present

10
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Figure 210 Austenite nucleation sites in three different microstructures. Note the close proximity of the

nucleation sites in the pearlite starting microstrrefl6].

Figure 211 Austenite nucleation at the start of the nucleation and growth primcagsearlite colony (top
schematic), and later within the austenite grain at remaining caftigles

Plain carbon steels @. 10xx serieshavelimited amount of hardenability. Hardenability is the depth or
maximum diametewhere a&50% martensitic structui@an be achieved; is expressed as an ideal diameter and can
be calculated for any alloy content using ASTM AZE® afdard Test Methods for Determining the
Har denabi |I[14] ¥he osk of Sloysm@dletns, such as Ni, Mdvin, and Crincrease the hardenability
of steel(Figure 212). By increasing the hardenability of an alloy greater case depth depths can be achieved due to
the increased time allowed to remove heat from thkpiece by quenchingln addition to alloying to improve
hardenabilitymicroalloy additions of Nb, V, Al, and Ti can be used to form carbides and nitrides that retard grain
growth durirg the austenitizing proceasd improve the tempering response ef thaterialwhich mayimprove
mechanical performance.

11
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Figure 212 (a) Multiplying factors for various alloying elemis to determine hardenabilify6].

2.3 Residual Stress and its Effects on Mechanical Properties

Residual stresses can be beneficial or detrimental depending @sithéal stresprofiles in the material
after final processing. the residual stresses at the surface are tetis#lg are considered detrimental to the fatigue
andmost othemechanical properties of a component. If, however, the residual stresses at the surface of the part are
compressive, the residual stressescarsidered beneficial. Induction hardengenerally producea favorable
residual stress profile that is compressive at the surface and tensile in tfitore

Residual stresses arise during induction processing due to the \diffenence betweeaustenite, ferrite,
and martensit@-igure 213). The larger the volume changeon the decomposition of austentteg greater the
tensile or compressive residual stresdeferences in thermal contraction between the surface and core also results
in residual stressAn example cooling path for an induction hardened component is shdviguire 214
superimposed on a TTT diagrar®uring induction hardeninghe outside of the part heatsd transforms to
austenitebut the core may or mayot reach a sufficient temperature to partially or fully austenitizpon
guenchingheat extraction is the greatest in the ¢asdt is the first to transform from austenite to martensite.
phase transformation resuitsalocalincrease in volumeThe core, on the other hamthes notool as rapidly and
insteadgenerallyforms nonmartensitic phases such as bainite, ferrite, or peéndite austenite The resulting
residual stress profile due to the surface transformation to martensiteearatattransformation to a non
martensitic product is compressive at the surface and tensile at theResidual stresses rely on the ability of the
core to elastically deform to accommodate the expansion of the case from the martensite transfdecdicse
residual stresses adee to elastic strainsny plastic deformation at the surface of the part due to excessive volume
expansion will not only reduce fatigue life duethe possibility ofcracking but also reduce the resulting

compressive resi@l stresses.
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Along with residual stresses due to phase transformations, thermal contraction and expansion can also
cause residual stresses to form in a sample. An exdemfeerature profile due to water quenching and the
corresponding residual stressiveloped during quenching are showifrigure 215[17]. Upon commencement
of quenchingthe surface of the part (S) cools much more rapidly than the center of the pari@)initially
createssignificant thermal stresses and resiidttensile residual stresses at the surfatkeopart. However, at the

end of the quenching process the surface of the part is in compression and the core is in tension.
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Figure 215 Development of thermal residual stresses during water quenching of a 100 mm diameter <

from 850 °C. Stresses from thrarisformation of the microstructuneerenot consideredil7].

Because residual stresses can affect fatigue performance so greeglis tmeed toquantifythe
magnitude of the residual stress in a processed component. Tharefoygechniquesuch as xay diffraction
[10, 18], neutron diffractiorj19], thecontour method20], and the slittindcrack compliance) methd@1] have
been developed to determiresidual stregs ina component Of thesdour techniquesor residual stress
determinationx-ray diffraction is the mostommon. The xay diffraction depth profile is accomplished by
chemical polishinggr machining withchemical polishingnto the surface of the sam@ad retaking measurements
at each target depth.

X-ray diffraction (XRD) methods rely on the deviation of the crystaldatiiom the unstressed stafehe
d-or interatomicspacing of the lattice will increaskie to tensile residual stresses and deerdas to compressive

stressesTheds pacing is calculdted from Braggbs | aw
cQY'Qe (25)

whereais the wavelength of the characteristicay radiationd is theinterplanarspacing, andl is the angle

between the incident beam @y source) and the horizontal axis or the angle betwedliffracted beanand the
horizontal axis
Though Braggds obtanvesidualrstressealyake preferredanethod is thegin met hod
[18]. Thismethod utilizes a single theta angle and relies on rotation of the sample relative-tayteource and
detector. Usinga @ U t ,@he mlealt2theta angle for ferrous alloys is 156 degr@espacing 00.117 nm
[18]. S e v e r, thé rotgtionaamglg bf ¢he specimen relative to thayxbeam Figure 216), are then selected
such as 0, 20, 29, and 3pvhich carespondwi t h sin2y values of 0, O0.[18.70, 0. 2:
These angles are considered ideal beedley are uniformly spacedsify val ues . g Jatgaehofgsher ai n ( 0
sin2y values is then measured whi |l e asmslowrdifigue 2.67 Byonst ant .
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During cyclic loadingany plastic deformation of the part will result in relaxation of the residual stresses
[22i 24]. The higher the cycliplastic strain amplitudéhe more relaxation of the residual stresses will occur. For
example, iman induction hardened medium carbon stEejyre 2.18, the asprocessed residual stress profile
(Figure 2.18) is compressivim the casevith some relaxatioat the surfacand transitions to tensile in the core.
After cycling above the endurance limEigure 2.18), relaxation of the residual stresses is observed due to plastic
deformation of the componef4]. With continued cycling above the endurance lithi¢ residual stresses
continue to relaxvhich increaseshe probability of a fatigue failure at the surface. Cycling below the endurance
limit (Figure 2.18), however, initially does not appear to shift the residual stress profile uf ¢tycl€s. Catinued
cycling leads to a relaxation in the residual stress profile similar to the relaxation obsefigadén2.18®.

Therefore, residual stress appears to relagn cycledbut relaxes much faster above thewance limit than
below.

before Stressing

0 =700 MPa
N=106x10°
&
b3
. o
¢ 2 3
G'-'L; -
5
3-
E_ Distance from
Surface , mm
(a) (b)
0'=640 MPa 0=640 MPa
N=10° N=116x10°

—e— Axial Stress
--o-- Circumferential Stress

~-%-- Radial Stress | -2 -200

Distance from

Distance from
Surface , mm

Surface , mm

(©)
Residual stress relaxati@bserved in a medium carbon induction hardened steel (a) before

stressing, (b) stressing above the endurance limit, and (c) styesdow the experimentally
determined endurance limit of 663 M|

Figure 218

16



2.4 Inclusion Origins and their Effects on Mechanical Properties

There are two types of inclusions present in steel; exogenous and endd@é&hol&any of the inclusions
in steel are considered composite inclusions and can be comprised of one or more of the following elements: Mn, S,
Ca,Al, Mg, and O. The size, morphology, and chemical composition of an inclusion can dramatically affect the

mechanical properties of std&b, 27].

2.4.1 Origin of Inclusionsin Steel
There are multipleypes of inclusions that can be present in steel. The specific type of inclusion depends
on processing conditions (e.g. aluminum versus silicon killed, etc.), composition of the steel alloy, and type of
casting (i.e. continuous case versus ingot cast).
Exogenous inclusions originate from outside of the steel melt and come from either slag, dross, flux
residues, or pieces of the m¢Rb]. These types of inclusions do not generally have adedihed size distribution
and can be considered to be the most detrimental to mechanical performance because of their sporadic and
unpredictable size and composition. Endogenoulgémous) inclusions originate from chemical reactions inside
the steel melt itse[5]. These inclusion types gendydbllow a log-normal size distributiof28] and can be
modeled using properties of the fagrmal distribution or with extreme values statistical analysis. Endogenous
inclusions are typically made up of all or some of the following elements: manganese, sufiimyed,
magnesium, silicon, calcium, and oxygen. Common inclusion compounds include but are not limited to: MnS,
Al,Os, MgO, Cas, CaO, Sipand MnCas.
The exact makeip of the layers of inclusions depends on the elements available to form the inchgsion a
the standard enthalpy or free energy of formation of each compj2880]. The standardheat of
for the compounds listed above are showmable 21 in the order in which they are expected to nucleate during
solidification. Of t en i nlcleaeiopravioushy forméd inclusians.rAn magni t ude
example of the order of formation of layered inclusions is shoviaigiare 219 andFigure 220.
Aluminum and silicon killed steels are expected to have fine dispersidkisO; and SiQ inclusions,
respectively, due to the deoxidation reactions. These inclusions act as nucleation sites for other inclusions during

solidification of the ingot. Examples of the inclusions observed in aluminum killed steels are sttgurén221

Table 217 Enthalpy of Formation for Common Inclusion Compounds at Standard Temperature (25°C) a
Pressure. (100 kP§31]

Compound Name Chemical Composition pH (kJ/mol)
Alumina (Corundum) Al,O4 -1675.5
Silicon Dioxide (Quartz) Sio, -910.9
Calcium Oxide CaO -634.9
Magnesium Oxide MgO -601.6
Calcium Sulfide CaS -482.4
Manganese(ll) Sulfide MnS -214.2
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MnS Al’OJ(pdm.ary reaction)

Figure 219 Schemat diagram of layered inclusioformed due to differences g Hof the inclusion
compoundg$29].

Figure 220 Backscattered SEM image of artiusion observed in a calcium treated steel specimen (uppe
left) with wavelength dispersive spectroscopy (WDSayx elemental analysis. The white areas
indicate the presence of the elemi&].
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Figure 221 Schematics of the inclusion types expected in aluminum lstieels. Adapted from Ref33]
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2.4.2

Effects of Inclusions on Mechanical Properties

The effecs of inclusions on mechanical pragies generally depends on the size of the inclusion, thermal

expansion coefficient, modulus of elasticity, and deformability of the incly&itin Mechanical properties become

more degraded as ingion size increases. Murakaf#i’] demonstrated that by essentially eliminating inclusions in

a super clean electron beam remelted bearing steel, the fatigue failure mode switched from inclusion dominated

crack nucleation to microstructural feature dominated cnackeation. In other words, the weakest link in the

microstructure switched from inclusions to a microstructural feature in the-claaer steelElasticproperties of

inclusions and steel are listedTiable 22, and the effec s

mismatch are summarized Tiable 23.

Table22i Val ues of

Ther mal

of

Expansi on,

coef fici

ent of

Youngs Modudnu

Types as well as Carbon Steel faf&encd27], [34], [35]

Coeff. of Thermal

Chemical S Youngs Modulus,E Poi sson¢
Compound Name . Expansi o0/RG
Compodtion (0 ~ 800°C) (GPa) 3
Manganese Sulfide MnS 18.1 69 ~ 138 ~0.3
Calcium Sulfide Cas 14.7
Spinel MgO-Al,0; 8.4 271 0.260
Alumina Al,05 8.0 389 0.250
Manganese Oxide MgO 135 306 0.178
Carbon Steel 11.9 207 0.292
Table23i Summary of the Effects of Coeffici eismatcfX7] T

Inclusion/Metal Property
Difference

Effect of the Difference

Resulting Effect on Crack Nucleation

LJnclusion> mé&&l
L-Inclu'sion< mé&LI

Inclusion shrinks more than the matri

Metal shrinks more than the inclusior

Radial stress at the inclusion/metal
interface is tensile
Circumferential stress at the
inclusion/metal interface is tensile

Crack initiation at the inclusion/metal

Einclusion > Emetal

Einclusion < Emetal

Inclusion is more rigid than metal

Metal is more rigid than inclusion

interface

Crack initiationin matrix

I f the

coef fici

ent of

t her mal

lee stpeanmaiix, henincl(isidn

shrinks more than the matrix, and a tensile radial stress at the inclusion/metal interface igambeitetthe

inclusion is bonded to the matrix)f the inclusion thermal expansion coefficient is less than the mezaljlle

metal shrinks more than the inclusion, which results in tensile circumferential stregsesteeht the

t her mal

of

inclusion/metal interfacf27]. In essence, any thermal expansion mismatch results in tensile stress components

around the inclusion, which is detrimental to the mechanical properties of the steel. It is believed that the

circumferential streses at the inclusion/metal interfadé {usion< mdd) are the most detrimental to mechanical

propertieq27].
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Di fferences

properties. I f the

Youngos

mo d u |

us of the incl

deform as much as the metal during forming operations, which catoleaack initiation at the inclusion/metal

interface. Nordeformable inclusions can also lead to void formation around the inclusion during rbltijoge(

2.21). Manganese sulfides and calcium sulfides, on the other han@sargdid than the steel matrix and are

odnlus toftihe inctusian argl énstal mmay also be detrimental to mechanical

usi

considered deformable inclusions. Thus, MnS and CaS inclusions are considered much less detrimental to

mechanical properties than oxide inclusions.

A summary of the effects of oxides (8-CaO and AlO5), TiN, andsulfide (MnS and CasS) particles on

the fatigue properties of a 52100 steel are shoviigare 222ain a plot of inclusion harmful index versus

inclusion sizg27]. The figure was created by observation of low cycle fatigue lives as a function of inclusion type

and size in 52100 steel samples tested in rotating bending fatigak.n&aber of the harmful index represents a

reduction of the endurance limit by 125 MPa dtdfles. The endurance limit at®i€ycles was determined by

extrapolation of the finite life fatigue data showrFigure 222b. Dueto the deformable nature of the MnS and CaS

on

inclusions, the largest inclusion types observed at the fatigue crack nucleation region of the 52100 steel are oxide

type inclusions, the largest of which are globulaiO34CaO oxides. Therefore, if sufficiebar reduction is

achieved, the main concern to mechanical properties are the oxide inclusions.

107 108

Cycles to failure, N;

(b)

(a) Reduction in fatigue life for various inclusion types and sizes (harmful index times 125 |

theamount of reduction in fatigue life at €ycles)with the endurance limit determined by
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Figure 222
extrapolation of lowcycle fatigue life shown in (HR7].
25 Extreme Value Statistical(EVS) Analysis

Fatigueperformance can be strongly influenced by the ldrigeusions in a given samp]26, 36].

Extreme value statistics (EVS) is a method employed by many authors to determine the ldugésh iimca
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volume of materia]37i 42] or to infer poperties about a material based on the largest estimatediarciao a given
area or volumé¢27, 43 49].

EVS analysis begins with polished cresgsctions of the material in its final hot or cold worked state, prior
to or after machiningHigure 2.23). Accordingto ASTME2288 8 fASt andard Practice for EX
of Nonmetallic Inclusions in Steelandth e r  Mi c r o s t r[G0]ca minimarh arda efd 50 nfrskeosldbe
inspected per sample and a total of 360 or twenty-four samples should be inspected for a complete analysis.
The number of sample inspection aredigiire 2.28) per sample can differ depending on the size and frequency of
inclusions in the material of intesg37]. Inspection areas are generally obtained between 100 and 1000 times
magnification and can be acquired either with a scanning electron microscope (SEM) or an optical microscope. If
the inclusions are to be classified based on compokitp®) energy dispersive spectroscopy (EDS) can also be
used. Whatever the size/magnification defined for a field of view selected, the largest inclusion in the field is
recorded and tabulated until a final viewing area of 360G haa been examined. Thelectediiewing areashould
also yield at a minimum twen#ipur data points for the EVS analysis (minimum viewing area of&f). Most
EVS analyses seek to predict only the largest inclusiespective of chemical make [27, 38 49,51], but recent
inclusion analysis has begtmdifferentiate between differeimclusiontypes and related the EVS analysighe
overall endurance lim[87].

To determinelie largest inclusion in a critical area or volume, the inclusion data from the sample
inspection areas must first be ranked from smallest to largest, indexd@d@N), and the square root of each
inclusion area must be calculai@d, 50]. Additionally,a Gumbel distribution, which is a limiting form of the
generalized EVS equation, must Es@amedhs a best fit distributiofor thesquare root transform of the inclusion
data For this method, there are three functions that are plotted on the ordinate axis versus square root of inclusion
area as shown iRigure 2.2427]; cumulativefrequency E(%)), reduced variateyj, and return periodlj. The

cumuative frequency (cumulative distribution function) is given by
Gpmm
o p

and is theprobability of finding an inclusin less than or equal to a certain siza given samplgiew [52, 53].

"Ob (2.6)

The reduced variatef is given by

W a¢ aes ae O0&—
0 p Y
and can be derived by taking the double log of the cumulative distribution function (CDF) of a Gumbel distribution,

p

2.7)

(b ‘
f
where O and b are the | oc at[G3]o The etord pesod ia dletermimed byathe eatioe r s, 1

"Oaft i QonQan (2.8)

of the critical area of interesB)Yto the sampling are&s() and is given by

YOy (2.9)
The return period is used to determine the expected maximum size of an inclusion in an area/volume of interest

given the inclusion population in the inspection area.
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Figure 224 Extreme value statistical analysis of S4&€el[27].

To utilize EVS analysiso determinghe largest inclusigrthe parameteng andb, can be estimated by
three different analytical methods: simple linear regression JShBthods of moments (MOM), tine maximum
likelihood (ML) method50]. SLR fitting of the reducedaviate §;) and the square root area data is the simplest
method to estimate the parameters. However, the SLR model can overemphasize the largest inclusions when
regression analysis is performed. The MOM and ML methods are more accurate regressiahepprahat they
do not overemphasize the outliers in the data. The MOM calculgilares Equation$2.10)-(2.14) [50], whereN
is the total number of inspection arelgss diameter bthe largest inclusion in each field (can also be the maximum
feret diameter)Syeyis the standard deviation of the diameter data,bgig andeyom are the estimators of the

parameters iEquation(2.8). The thrd, and most accurate, method to fit the data is the ML method. The ML
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method relies on an iterative solvembaximize Equatior2.14) to determinghe values oby, andpy., and the

initial values used for theolver are obtained by the MOM calculation. Usirgplver to maximizéEquation(2.14)

resultsin the most likely estimates 6f;,. andpy,.

Log Likelihood(LL) =& In(f(x ,mb) = aln§58 é'—g exp@

,J./2

_ N
L:i - |_i
N =
a.l 2
Si =28 (L - LY AN- 1)0
Ci=1
b dev\/_
mom — p

M, =L- 05772¢h,

o

alo ax -

o

(2.10)

(2.11)

(212

(2.13)

(2.14)

Once the parametepsandb are estimated, a return perimhst then be determined using either the area or

volume method previously stated. The maximum inclusion expected for a given return period can be obtained by
combining theSLR and Equation&.7) and(2.9) or byusing the ML estimators ariequation(2.9) and

arT - 180

a
area=- b, Ing Inae—og+ un
¢

(2.15

Another development in EVS analysis is thensformation o 2dimensonal inclusion analysis to a

3-dimensional inclusion analysis so that a critical volume of material can be analgr@gst a critical area. The
transformati on

and

whereh is the estimated thickness of the inspection voluxie,the number of fields examined, is the standard

inspection volume, anf, is the 2dimensional inspection areBigure 2.2%[27].

i s

accompl i sdimemsionalyanakyses togembimingn i n g
h=§ ,area, /N (2.16)
V0 = hCSO (2.17)

‘7

&

,

Figure 225
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(a) Two-dimensional sample inspection ar&g) @nd the (b) extrapolated inspection volundg) (

[27].
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It should also be noted thidite EVS method is not the only method to determine the largest inclusion
expected in a given area/volume of material. Other researchers have utilized azgehPeakto distribution
(GPD)[54i 58] to determine the maximum inclusion size. The GPD has some desirable features such as the ability
to include a minimum irlasion threshold size in the distribution, and the distribution tends towards an asymptote or
maximum inclusion size as the return period becomes very large. This distribution has been suggested to be more
representative of an actual volume of matesiatethe EVS analysis allows the inclusion size to increase with no
upper bound. However, for the small sample area/volume of the samsplbe this studyeither distribution can
be used.

2.6 Fatigue Crack Nucleatian and Endurance Limit Estimation

Faigue failure occurs in metals that are subject to repeated or fluctuating stress often well below the yield
strength of thenaterial[26, 59]. These failureare particularly insidious because most design methodologies are
based orthe yield strength of a material and there is little to no plasticity accompanying a fatigue failure, which
provides little warning of the imminent failure of a component. Assuming the material contains a populatien of pre
existing flaws, the time or cles to failure depends on the geometry of the fatigue crack, applied and residual
stressesp K, and local microstructure surrounding a crack. The applied load ratatjdR on a part is

. ” )

Y ”— 0_ (218
wherelmi» andlnaare the minimum and maximum applied stressesapndK . are the minimum and
maximum stress intensity factors. In most stldfeS-N) plots, the endurance limit is expressed as the stress

amplitude which is defined as:

y | — (2.19)

and can b easily related back to therRtio.
The ability to propagate an existing fatigue crack depends heavily on the factors mentioned above;
however, initiation of a fatigue crack must occur before propagation if there is not a populatioexifing
flaws. Fatigue cracks can nucleate from features in the microstructure such as inclusions or hard, brittle phases, or
they can form due to intense slip damagaalized regions. The stress intensity factor required to propagate a
nucleated fatigue cracks t er med t he threshglAdtheRt atiss I satepsieégsédct
required to propagate a fatigue crack decreases as shéiguie 226. One proposed model fonethreshold

stress itensity factor for an inclusion in a homogeneous mates(al7]:

o . ” =
Yo c®dup T O pC MW QW (2.20)
whereHy is the local Vickers hardness and area is the eessonal area of the inclusion or defect of interest. This

relation can be used to determine the critical flaw area for a given system if grareqgalgp K, is known.
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Figure 226
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The endurance limit of some materials is entirely controlled by the inclusjmuagtion within the material

[27, 51,54]. Murakani [27] outlines a procedure to estimate the endurance limit based on knowledge of the

inclusion populatin and the hardness of the material. Other authors have used this analysis to conduct similar

evaluationf other material systenj&7, 47 49, 51].

Thedetermination of the endurance limit from the inclusion population is based on the assumption that an

inclusion represents a pexisting crack in the material and the stress at the endurance limit equals the stress at

which the stress intensity at thedest inclusionwitm a cr i t i c al

0 ™y 2R

v Ohe endueance kimite e d s K

estimation derivation begins by utilizing the stress intensity for a pempedicrack in an infinite bodg0]:

(2.22)

whereKnais the stress intensity associated with the applied stress fangéhe applied stress, aads the crack

length. Then, @&ck length is approximated by assumingthesssectionalarea of the inclusion is equivalent to a

pennyshaped crack, which results in

0 ™, “UNOT Q®

Additionally, a relationship between theests intensity thresholgquiredt o

initiate

(222

@arfdat i gue

material hardness was determined from an empirical fit of multiple homogeneous ferrous-éeausnsystems

(Figure 227) with different starting surfacerack geometries including notches, holes, cracks, and Vickers indents

to obtain[27]:

0

0p O 06¢ MOI Q®
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whereC2 andC3 are assumed to be constants independent of material, @hiseempirically fit from experimental

data. Using the constants @12, and C3 derived by Murakaf#@7], assuming fully reversed bendirig=-1 (g

= g, &nd combining Equatiof2.22) and(2.23), the endurance limit can be estimated as:

0T 0O pgqm
P e wr 7"
Mot Qw

wherel is the endurance limit of the mater{ddPa), C4 is 1.56 for a subsurface inclusid1 for an inclsion

that is just subsurface (touching), and 1.43 for a surface inclusigmré 228). H, is the Vickers hardness agth
surface of the material, arddread t he s i ziely, by

rearranging=quation(2.24) the inclusion area required for crack nucleation can be estimated using only the
hardness and the stress at the nucleation location:

(2.24)

i s maxi mum inclusi on
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Figure 227 Linear regression fit foppll,v e r sus squar e r oeodus anchnoffereods f or
systemg27].
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Figure 228 Three types of inclusions for endurance limit calculations: (a) suirfatiesion, (b) near surface

(touching) inclusion, and (c) subsurface inclugdr.

Using the EVS analysi® predict the largest inclusion size within a critically stressed¥olume of
materi al
2.24)with the appropriate materibbrdness, several researdie, 43, 47, 4951] have predicted the endurance
limit, with various levels of success. Murakashial.[48] showed that the fatigue limit for SAE 10L45 steel alloy
can be accurately predicted using Est&lysisto predict the size of the crack nucleating inclusion, but the
endurance limit prediction becomes roonservatie as the hardness of the material increases. Ztaaid49]

demonstrated that endurance limit predictions were conservative whearie¥§Siswas employed for a modified
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43CrMo steel. Chaét al.[43,47] are among the few that have applied this approach to predictdbeaene limit

of induction caséardened steels; they showed that predictions of endurance limit utilizing EVS analysis to predict

inclusion siz are norconservative for induction hardened 1.08C23Mo steel.

One aspect of these models that has not been fully addressed is the effect of residual stress on the

endurance limit and the inclusion size determined by EVS analysisnonsurface hedened parts, the EVS

anal ysi s

accurate predictions of the endurance limit for steel componkluwever, there is a discrepancy between the

coupl ed

Wi

th Murakami 6s

r el

ati

ons

for

sur face,

inclusionsize estimated by EVS analysis and the inclusion size at the experimental fatigue crack nucleation location.

Equation(2.24) was used to compare the calculated inclusion size to the experimentally observed inclusion size at

the a@ack nucleation location from multiple studies in literatizg, 48]. Though the calculated and actual

endurance limits are generally in good agreement, the calculated inclusion size (E@u2djpnbased on the

hardnes of the material and the stress at the nucleation location, is often smaller than the actual inclusion size

observed at the fatigue crack nucleation location. The actual inclusion size observed at the nucleation location

divided by the estimated inclusisize from Equatiof2.24) for a variety of hardness values and steel alloys is

shown inFigure 229. A value of one is perfect agreement between actual and estimated inclusion sizes. The

majority of the actual inclusion sizes at the nucleation location are larger than the estimated inclusion sizes. Of the

surfaceinitiatedflaws, 72% of 86 samples analyzed had an inclusion at the nucleation location that was larger than

the estimated size, while 82% &8 samples with subsurface nucleated failures had actual inclusion areas greater

than the estimated inclusion are&ince the endurance limits were accurately predicted, the implication is that the

K, value used in the predictions aso underestimated along with inclusion size. Another possibility may be

t hat a |

arger dri

Vi

ng

leastpartially bonded to the material and generally do not have a sharp crack geometry.

Figure 229
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CHAPTER 3: EXPERIMEN TAL PROCEDURES

This chapter describes the experimental material and processing that was undertaken prior to fatigue testing
along withthe mechanical testing and characterization that was conducted after induction hardening.
Characterization of the initial microstructure, post induction hardening microstructure, small fatigue sample

microstructure, and tensile sample microstructureailss undertaken.

3.1 Experimental Design

A methodical approach to determine the crack nucleation mechanisms arsicdféaste depth and alloy
on induction hardened bar steel fatigue resistance was undertaken. Three alloys were specifically séeddesd: 10
very common industrially induction hardened alloy, 4145 is also commonly induction hardened but also has a
significant increase in hardenability due to alloying elements, and 1060 represents a higher carbon content steel
industrially induction harened.

The initial microstructure of the startimgjoys was varied usinigeat treatments to determine the effects of
microstructure on fatigue crack nucleation. The heat treatments used for the three alloys were: 1045 (normalized
and quenched and tempd), 4145 (as hot rolled and quenched and tempered), and 1060 (normalized). The 1045
and 4145 samples were then induction hardened to two similar low and high case depths. The 1060 alloy was
induction hardened to a case depth equivalent to the higlleptieof the 1045 and 4145 conditions and a higher
case depth.

These samples, once processed, were tested in cantilever bending fatigue. The fatigue sample geometry
was specifically designed to maximize the area of maximum stress. Small proportignal $amples were also
tested to determine the endurance limit of the core material without any induction processing and monotonic tensile
tests were conducted to obtain basic mechanical properties of the case and core.

In addition to fatigue testing mriohardness traverses were utilized to determine the effective case depth
and any differences between the as processed and run out samples at the endurance limit. In addition to
microhardness residual stress depth profiles-tayxdiffraction were alsoanducted. The residual stress profiles
allowed for increased accuracy in fatigue life modeling.

Along with the fatigue performance of induction hardened steels, inclusion surveys of all three alloys were
also undertaken. Application of extreme valwaistical analysis allows for the largest expected inclusion in a
given area/volume to be estimated. Combining the predictive capabilities of EVS analysis with fracture mechanics

models allowed for estimation of the endurance limit of an induction hatd#eel component.

3.2 Experimental Material and Processing
Three steel alloys were selected for this study: 1045, 4145, and T@6Gompositions of thiaree alloys
are shown imable 31. The 1045 and 4145 alloys were battpour ingot cast at the Timken Faircrest facility.
After casting, both the 1045 and 4145 alloys were hot rolled at Timken to 31.75 mm diameter bars. The 1060 alloy
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was continuous cast to 279.4 x 120.65 mm at the Harrison steel plant, rolled to a t@8dndroorner squares at

Timken, and then hot rolled to a 31.75 mm diameter bar at Latrobe.

Table 317 Composition of the 1045, 4145, and 1060 steel alfeyspct.)

Alloy C Mn Si Ni Cr Mo Ti
1045 0.45 0.75 0.25 0.12 0.10 0.05 N/R
4145 0.46 0.96 0.24 0.13 0.97 0.18 N/R
1060 0.63 0.73 0.30 0.06 0.13 0.02 N/R
Alloy Nb V Al N S P Cu Ca
1045 N/R 0.001 0.036 0.0084 0.018 0.006 0.21 0.0003
4145 N/R 0.005 0.018 0.0095 0.012 0.009 0.25 0.0002
1060 N/R 0.002 0.026 0.0083 0.014 0.014 0.18 N/R

3.2.1 Alloy Processing and Initial Heat Treatments

N/R = Not Reported

Two heat treatments, prior to induction hardening, were selected for the 1045 and 4145 steel, while only
one prior heat treatment was selected for the 1060 Stbelselected heat treatments were normalized (N),
quenched and tempered (Q&T), and asrodied (HR). The process paths for each of these heat treatments as well

as the hardness achieved in each of the heat treated conditishswareinTable 32. All heat treating was

performed in a carbon neutral atmosphere to prevent decarburization at the surface at Metal Treating and Research

in Denver, CO.

Table 327 Heat treatments for the 1045, 4145, 4060 steel prior to induction hardening.

Heat Treatment 1

Heat Treatment 2

Allo
y Time/Temperature Hardness Time/Temperature Hardness
. Quenched and Tempered (Q&T,
Normalized (N) o ‘
1045 850°C for 0.5 hours, ~ 020%*11 900°C for 0.5 hours, 28.8 + 1.4 HRC
air cool HRB oil quenc _
500°C temper for 1 hour, air coo
Quenched and Tempered (Q&T,
0,
4145 As-Hot Rolled (HR) 37012 900°C for 0.5 hours, 437 +0.7 HRC
HRC oil quench
500°C temper for 1 hour, air coo
Normalized (N)
1060 815°C for 0.5 hours, 20 10 N/A

forced air cool

3.2.2 Induction Processing

All fatigue samples of th&#045 and 4145 alloys were induction hardened at Induction Services Inc

Warren, Ml in February 2010. Induction hardening was conducted using &negliency powesource(250-450

kHz), a scanning coil witnintegrated quench ring, and gdt. polymer quenchantThe quenchant temperature
was 1820°C with a flow rate of 8:8.1 liters per minuteThe power settings were adjusted to obtain the desired
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case depth,ral a constant scapeed of 6.98 mmisas used for all sample§amples were rotated at 235 rpm,

which allows for more even heating of the sample due to possiblearmentricity between the coil and the part.

To prevent posinduction cracking of theasnples, the specimens were tempered atC7/@50°F) for 1.5hours

within four hours of induction hardening in accordance with the Society of Automotive Engineers standard SAE
AMS2745 Al nducti on He&ll The objectigof inductidh haedeningvd o produceno
distinctcasedepths | abel ed as the fAl ow case d-€@inngcofditiond,. 2 mm) ar
which areapproximately the same for each of tileys and starting microstructuse The total power input for each

of the 1045 and 4145 low and high case depth conditions is shovabia 33.

Table 337 Total power input required to induction process each alloy, starting heat treatment, and case

Alloy Starting Heat Treatmen Power Input (kW)

Low Case Depth High Case Depth
Normalized 25.3 32.5
1045 Q&T 20.0 25.3
Hot-Rolled 25.3 26.4
4145 Q&T 21.0 27.6

k. B

Figure 31 Induction hardening coilith integratedquench ring used #tduction Services foinduction
hardening of the 1045 and 41d4&mpleqcolor image; refer to PDthesisfile).

An attempt was made to measure the maximum surface tempeFagunes (32) during induction
hardening of the 1045 and 4145 alloys at Induction Services. Aomact Williamson PRO 920-F dual
frequency pyrometeiFjgure 33) was utilized for the surface temperature measurements. A fiber optic attachment
allowed for positioning the probe as close as possible to the induction coil without electromagnetic interference

associated with the induoti process.
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Figure 32 Maximum surface temperature measurements acquired usmga@ntactoptical pyrometer on

the 1045 and 4145 induction hardened samples. The number is the average temperature r
and the bars @esent the standard deviation.

Fiber optic ;
measuring probe Doy
Figure 33 Dual frequency pyrometer used for surface temperature measurements of the 1045 and 41

induction hardened steel samples.

The 1066N samples were induction hardened at EFD Indadh Madison Heights, Ml in April 2012.
The steel was processed to have two cable a@ndtimetiilkciagle
depth2 6 condi ti ons . -1linfthe @06Galloy borresporsde witl thephighh casehdiepthe 1045 and
4145 steel alloys (~1.75 mm), while the high case d2pthdeeper. A scan speed of 25.4 mm/s was used for the
high case depth condition, and 20.32 mm/s was used for the high case-@epihdition. Both case depths were
achieved ging a frequency of 11.0 kHz. The quench assembly included an induction coil with a separate quench
ring (Figure 34), 4 pct. polymer quenchant, and a quenchant temperature of 29.4°C with a flow raté bfigs
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per minute. Similar to the 1045 and 4145 induction hardened samples, all 1060 samples were tempered within four
hours of induction hardenirag 176°C (350°F) for 1.5hours[61]. To assess possible embrittlement in the 1060

samples, six higil and high2 induction hardened samples were fatigue tested in théengpered condition.

Table 34 - Total paver input required to induction process the 1060 steel alloy.

. Power Input (kW)
Alloy Starting Heat Treatment High Case Deptil High Case Depti2
1060 Normalized 105 105

Figure 34 Induction hardening coil and separgteench ring used at EADductionfor induction
hardening of the 1060 sampl@Eslor image; refer to PDFile).

3.3 Mechanical Testing

Two fatigue sample geometries were selected for this study. The large fatigue samples were induction
hardened and fague tested to experimentally determine an endurance limit. The small fatigue samples were
selectedo simulate the core microstructure of the large induction hardened samples and were fatigue tested to
experimentally determine an endurance limit. Tertets were conducted to characterize the monotonic tensile
properties of the case and core region of the induction hardened samples. The hardness of the tensile samples
matched the core hardness of the induction hardened fatigue samples. Microhaagiaesesstwere also used to

determine the effective case depth of the induction hardened samples.

3.3.1 Sample Design/Geometry

Two proportional sizes of fatigue samples were designed for this study, based on the capabilities of the
fatigue testing machiise The large fatigue sample size was selected to allow for a more industrially relevant
case/core ratio that could not be achieved on smaller rotating bending fatigue samples. Because of the larger fatigue

sample geometry, fatigue testing machines vattdicapacities greater than the rotating bending fatigue testing
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machines were also required. Thus, the specimens were tested with SATEC cantilever bending fatigue machines

with a load capacity of 4450N. The large fatigue sample geometry is shdiguine 35, and the small fatigue

sample geometry is shown kigure 36.
geometries from hereon.

The two proport

ional samples wil!.l be

The large and small fatigue samplesrevspecifically designed to maximize the length along the surface
subjected to 90 and 95% of the maximum stress experienced by the spddguen 7). Because the samples
were tested in fully reversed bending and not rotdtingding fatigue, creating the largest possible critically stressed

area was considered an important attribute of the sample geometry. For the large fatigue samples, the region

subjected to greater than 90% and 95% of the maximum stress spans 41.5 2@banah, respectively=gure

3.7b). Additionally, the relatively large radius along the gauge length of the sample was specifically meant to

reduce geometric stress concentrations.
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Figure 35
dimensions in mm.

Cantilever bending fatigue sample design for all induction hardened steel specimens, all
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in mm.

33

—Fixed End
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Figure 37 The dress distributiorfa) along the length of the large fatigue sampled (b) zoomed in stress
distribution with the 95 pct. and 90 pct. of maximum stress lines shown for the sample geor
in Figure 35.

3.3.2 Cantilever Bendingi Universal Fatigue Testing Machines

All fatigue testing was conducted using a BB (4450 N capacity) or a SE1-U (890 N capacity)
universal fatigue tester set up for cantilever bending, dbtthich operate at a constant frequency ofH20 All
fatigue testing wasonducted using fully reversed (R ¥ load control. Both the SE-U and SFO1-U were
calibrated with uniform diameter steel bars with a uniaxial strain gauge attached. Bxhtat datavereacquired
using a Vishay System 6000 digital acquisition system. The output from the acquisition system was used to verify
the Rratio control and that applied load was within 1% of the calculated vBhgeinternal layout of the SFL-U
universal fatigue tester is shownHkigure 38. The oscillator, pendulum housing, compensator springs, aatldR
adjustment are all shown. The pendulum rests within the pendulum housing, but rotates about the location labele
ipendulFigue®s. i n

Pendulum
Oscillator (Motor)

Pendulum housing

Compensator Springs

Ko

R-Ratio Adjustment
(Preload)

Figure 38 SF1-U assembly showing the pendulum housing, pendulum location, compensator springs
oscillator, and the Ratio adjustment contrgcolor image; refer to PDFile).
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Both the SF1-U and SF01-U fatigue testersperatan load controland can be modeleb a forced
vibration with a single degree of freed¢@2]. The vibration analysis is simplified because the fatigue testers
operate below resonance and the differential equation used to specify the displacement is given b

b b DOBT (3.1)
whereM is the mass of the penduluriis the displacement of mak t is time in second< is the overall spring
constant which is made up of two componeHKtswhich is the spenien spring constant, aikd, which is the
compensator spring constant.is the amplitude of force produced by the oscillator, aiglthe circular frequency
of the oscillator force. The solution to Equati{@l) is given by:
00EBTo
0 07
This equation can be simplified by considering only the peak oscillator values and by subsKiutitg)(@ndKe,

®w wOBlo (32

for KandM~, respectively. The result of this subdiibn yields:

(3.3)

which can then be further simplified to:

0 LW (34)
From Equation(3.4), it can be sen that the force produced by the oscillaty) {s equal to the amplitude of force in
the specimenKg,). Therefore, the force in the specimen is equal to that produced by the oscillator, irrespective of

changes in the sample rigiditis.

3.3.3 Cantilever Bending Fatigue

To avoid any surface effeats fatigue resultdue to machining, all sangs werepolished to a 1 um
diamond finish on a latheThe polishing sequence on the lathe was 180 and 320 grit alumina, 400 and 600 grit
silicon carbide,and 5¢e m, 6 em, 3em, and 1lem di amond suspension.
from each condition were analyzed using a-nontact white light optical profilometer to determine the final
surface roughness prior to fatigue testing. The sarfaughness (Rof the large and small fatigue samples was
174+ 78 nm and 274 105 nm, respectively.

For the large fatigue samplesprout is defined to b&.5x10" cycles The endurance limfor the large
fatigue samples determined as the applistress in which five consecutive samplesaouhafter dropping the
applied stress by 5 MPa from a stress levedngtiinite life is observed. For the small fatigue samplespuiris
defined asl0’ cycles and the endurance limit of the small fatigienples is defined as the stress at which three
consecutive ruiout samples are observed.

The bending fatigue seip for the SFL-U fatigue tester is shown Figure 39. The bungee cord-{gure
3.9) pulls the sample away from the fixed end during fracture to ensure integrity of the fracture surfaces for analysis.
A copper sleeveRigure 39a) was used to eliminate fretting between the sample and fixture during testing, which

sometimes leads to premature fracture in the grips of the fixed end of the sample. Four air jets were used for cooling
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the large fatigue sampleBi§ure 39b). The air pressure was adjusted to ensure that the temperaturgus fati
samples did not exceed 35°C during testing. The sample temperatures were measured during low and high cycle
fatigue testing using a nesontact infrared (IR) thermometer. The maximum surface temperature measured was
35°C, which was only achieved dugilow cycle (< 50,000 cycles) testing of fatigue samples. Without the cooling

air, however, sample surface temperatures in excess of 300°C during low cycle fatigue testing were observed.

Copper
Housing

Loaded
End

TR
ot
).

~ Fixed End ®

XX o

(b)

Figure 39 Bending fatgue set up for the SE-U: (a) front view and (b) top view with the cooling air
connectedcolor image; refer to PDFile).

The bending fatigue seip for the SFO1-U fatigue tester is shown Figure 310. The bungee cord and
copper sleeve shown Figure 310 were used to maintain the integrity of the fracture surface and to eliminate
fretting between the sample and fixture during testing. The overalpsef the fixture is similar to the large ifgtie
sample setip with the exception that there is no cooling air applied to the sample. Even in low cycle fatigue testing,
the small fatigue sample did not heat up more thar?@ above room temperature so cooling air was deemed

unnecessary.

&= \ =
Copper
Housing

Copper
] Housing |

e

(a) (b)

Figure 310 Bending fatigue setip for the SFO1-U: (a) front view and (b) top viecolor image; refer to
PDF file).

The temperature in the fatigue testing laboratory was maintained between 22 and 26°C. The humidity in
the room was maintained below 35% relative humidity with the use of three dehumidifiers. No correlation between
total fatigue life and room humidity was observed. For the majority of fatigue tests, the room humidity was below
20%.
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3.3.4 Tensile Testing

Tensile testingvasconducted to determiremse anadoretensileproperties of althe induction processed

conditions. Specimens were machined according to the ASTRDB8 standar{b3] from the ageceived bars of

the 1045, 4145, and 1060 alloygdure 311). To simulate the core microstructay¢he tensile samples were heat

treated similarly to the initial heat treatments describéhinle 32. Then, the specimens were tempered at 176 °C

for 1.5 hours to match the pesdduction temper that all induction hardenedhpées underwent. To simulate the

case processing conditions, tensile samples underwent a double austenitizing treatment to obtain a fine austenite

grain size, as observed in the case of the induction hardened sahatikes35). The 1045 samples were

austenitized at 900°C, water quenched, and tempered at 176°C for 1.5 hours twice, while the 4145 and 1060 was

austenitized at 900°C, oil quenched, and tempered at 176°C for 1.5 hours twice. After the final temper, hardness

measurerants were acquired to ensure that the hardness of tensile samples were nearly identical to the hardness

observed in the case and core of each conditidhtensile samples wengolished on a lathe to a 600 grit finish.

Polishing on the lathe was extreljmenportant for the 1060 simulated case samples due to the high strength and low

ductility of the sample. Tensile testing was conducted at a rate of 5.08 mm/min, and a Shepic extensometer with a

gauge length of 25.4 mm (12.7 mm maximum extension) wakfaseall tests.

Table 357 Heat treatments for the 1045, 4145, and 1060 to simulate the case microstructure.

Simulated CaseHeat Treatment

Hardness in Case of

Alloy . Induction Hardened
Time/Temperature Hardness Samples
(1) 900°C for 0.5 hoursyaterquench 176°C
temper for 1.5 hours
1045 (2) 900°C for 0.5 hoursyaterquench 176°C 57.7£0.3HRC 56-59 HRC
temper for 1.5 hours
(1) 900°C for 0.5 hourgil quench 176°C
temper for 1.5 hours
4145 (2) 900°C for 0.5 hourgil quench 176°C 56.7£0.7HRC 5960 HRC
temper for 1.5 hours
(1) 900°C for 0.5 hours, oil quench76°C
temper for 1.5 hours
1060 (2) 900°C for 0.5 hours, oil quench76°C 61.3+0.6HRC 61 HRC
temper for 1.5 hours
6.0 mm (min.) (Not to Scale)
\é 6.33 mm T
i {I{I]I]]] =58
4 ! ) '
25.4 mm
< 88.9 mm (approx.) >
Figure 311 Tensile sample geometry, all dimensions in mm.
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3.3.5 Microhardness Analysis and Determination of Case Depth

Vickers microhardness measurements were conducted in accovdtmé&sTM E38411 [64]. Prior to
microhardness testing, all samples were polishedteall di amond finish to avoid any s
testing, and all microhardness testing was conducted usitkg éoad. Additionally, care was taken to ensure that
no indent was closer than three diagonals from the previous indent. The microhaftthessmall fatigue samples
and tensile samples was measured to ensure that hardness was consistent with the case and core of the induction
hardened samples. A minimum of five hardness measurements were performed for each of the small fatigue
samples ad tensile samples.

The effective case depth of each of the induction hardened conditions was measured using Vickers
microhardness measurements at the location of maximum gfiges(312). The transition hardness from case t
core is defined &#ised on the JIS G0559 standpd®], which states the tnaition hardness is 450 HV for steel with a
carbon content between 0.43 to 0.53 weight percent (e.g. 1045 and 4145 steel alloys) and 500 HV for carbon
contents greater than 0.53 weight percent carbon (e.g. 1060 steel alloy). To improve the statistiazal atboth
the microhardness readings and case depth determination, three hardness traverses were performed on two samples
for each condition, for a total of six total traverses per condifiggu¢e 313). Each traverse wasasted 0.127 mm
(0.005 in) from the surface of the sample and hardness measurements were taken at 0.127 mm (0.005 in) intervals
thereafter to a depth of 3.43 mm (0.135 in) irrespective of case depth, with the exception of {Nehi§it@ase
depth2 sampés that were analyzed to a depth of 4.83 mm (0.190 in). An alternating pattern of hardness indents
was utilized to ensure that each hardness indent was not skewed by the plastic deformation around the previous
indent Figure 314).

228.6mm
B 123.8mm 4
T Fixed End
LLoaded End
Figure 312 Cantilever bending fatigue sample with the location at which microhardness traverses and

residual stress measurements were collected.

4y
-

Figure 313 Optical micrograph of the cros®ction of an aprocessed induction hardened sample with th

hardness traverses as well as hardness indents at the core of the Sdmpattern for the
hardness traverses is showrFigure 314.
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Figure 314 Hardness traverse pattern utilized for all induction hardened samples.

3.4 Characterization

Microstructural characterization was conducted to determine the starting microstructure prior to induction
hardening and the extent of transf@tion of the microstructure after induction hardening. Characterization was
also performed to ensure that the small fatigue and tensile samples had a microstructure consistent with the region of
the induction hardened sample they were meant to repligatay diffraction was utilized to determine phases
present in the 414BIR condition. An inclusion analysis was undertaken to determine the underlying inclusion
distributions and the mean inclusion size observed during the inclusion survey. Finaligjubi®n surveys were
utilized for extreme value statistical analysis to allow for prediction of the largest expected inclusion in a given
areal/volume of material.

3.4.1 Microstructural Characterization
Microstructural characterization was conductedibasreceived/heat treated alloy conditions, induction
hardened conditions, small fatigue sample conditions, and tensile sample conditions:rébetvad/heat treated
conditiors were examined to ensure that proper heat treating had been condudiedzerdcterize the
microstructure prior to induction hardening. Induction hardened samples were examined in the case to determine
the extent of martensitic transformation, in the case/core region to determine the microstructure at the effective case
deph determined by hardness, and in the core region. The microstructure of the small fatigue samples was also
examined to determine if it was similar to the core microstructure of the large induction hardened fatigue specimens
it was meant to replicate. r8ilarly, the core and simulated case tensile samples were also examined for similitude.
All metallographic samples were cut, mounted, ground, and polished. All samples were cut using a LECO
MSX200M cutoff saw with alumina blades and copious amountsofant to prevent overheating of the parts
during sectioning. Once sectioned, samples were either hot mounted in bakelite, epoxy, or epoxy with diallyl
phthalate with copper filler. The epoxy was found to be significantly more chemically resistaiiet tieakelite,
which resulted in superior grinding, polishing, and etching results. The copper filled diallyl phthalate was used for
samples analyzed in the SEM. The conductive copper perlemrgingduring SEM imaging, which alloweidr

better resolutin of the microstructure at the edge of the induction hardened samples. The hard copper diallyl
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phthalate also yielded better edge retention than the bakelite or epoxy, which again resulted in better resolution of
the surface microstructure of the indactihardened samples. Once mounted, samples were ground and polished
using a LECO Spectrum System 2000 automatic grinder/polisher. The grinding/polishing steps are Siadwen in

3.6. Four etchants were used for all microstruateharacterization and are listedTiable 3.7

Table 367 Grinding/polishing sequence used for the Leco Spectrum System 2000 automatic grinder/poli:

Step  Disc/Pad and Media Lubricant Tine (min)  Speed (Head/Wheel), RP! Force (N)

LECO® Platinum 1 ]
1 (120-180 grit) Water Until Plane 125/200 89
LECO® Platinum 2 _
2 (220-320 grit) Water 3:30 125/175 89

LECO® Platinum 4

3 (600 grit) Water 4:00 125/150 89

4 Red Felt, 6urr_1 diamonc Red Diamond 6:00 100/125 67
susgension Extender

5 Red Felt, 6um_d|amonc Red Diamond 7:30 100/125 67
suspension Extender

6 Red Felt, 6um.d|amonc Red Diamond 9:00 100/100 a4
suspension Extender

Table 371 Etchants used for metafjcaphic inspection of induction hardened samples, small fatigue samples
tensile samples.

IEtchant Etchant Composition Comments
urpose
General A zdt. p;tcgc Sg:)dulsnsrggitss]nm - Mix both solutios in a 1:1 ratio
Etchant me?ab.isglfite (Na5,09) - Etchant good for-80 samples, then must be replaced
)
Color Tint A pét. picric acid in methanol - Mix both solutions in a 1:1 ratio
Etchant A pdt.aqueous sodium - Untempered martensite or retained austenite is watajte
metabisulfite appears black, and ferrite appears[66i
General
Etchant A pét. nitric acid in methanol - Good general purpose steettednt
(Nital 2%)
A 2 0 @Geionidedwater
Prior Austenite A 2.6 grams - Using boiling stones, heat solution up to 65°C
Grain Etchant A 6 ml Tee - Back polishing can be required after each etching step

A 2 ml HC

A color tint etchant was used for inction hardened samples to construct both montages from the case to
the core and thredimensional microstructure views of the core. The montages were used to assess the extent of
transformation in the case, the location of the case/core region witlctréspiee depth of effective case depth
determined by microhardness, and the core microstructure. Thedthrersional images were created to determine
inhomogeneities in the microstructure due to alloying or rolling operations. -@ihmemsional micrasuctures
wereobtained by sectioninthe low case depth induction hardened sample in each of the five conditions. The

method of obtaining the threethogonalkiews is shown irFigure 3.15
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Case l

Figure 315 Location of material in the induction ttiened samples acquired for theeedimensional cube
viewing.

Prior austenite grain (PAG) size was also examined for all conditions (large and small fatigue samples as
well as tensile samplesThough no quantitative data werellected, the relative size of the prior austenite grain
size between the case, caseé; and core for each alloy wereamined. The small fatigue samples and tensile
samples were also analyzed to determine if fRAIG size was approximately the same as the location on the large
fatigue samples that they were meant to simulate. Due to the low levels of phosphorus in all ste@kdlleyi),
a specialized heat treatment beyond jusipinimg at a constant temperature in the embrittling range was required
prior to PAG etching. The heat treatment consisted of tempering at 625°C for two hours, then furnace cooling to
550°C and holding for seventywo hours, and watefuenchind67]. The samples were etched with the Prior
Austenite Grain Etchant shownTrable3.7. Polishing each etched sample back

suspension was required to properly reveal the prior austenite grains in all three alloys.

3.4.2 X-Ray Diffraction Characterization and Residual Stress Analysis

X-ray diffraction was ulized to characterize the core microstructure and measure residual stress. All core
mi crostructures were analyzed using a Cu target, 10 s |
core microstructure was analyzed by polishing trarsseer and | ongi tudi nal sections to
polished, samples were cut to an approximate thickness of 2 mm and placed into the spring loaded sample holder.
Scans were conducted with ascanrangeaf40 degr ees 2 U a nskeconds pecsiep. Difaatiand o f 1 (
peaks were tracked for austenite, ferrite, and cementite. The aim of the XRD analysis was to determine whether the
white banding olerved in the 4145IR conditionwas retained austenite or untempered martensite.

The residal stress measurements were acquired at both Caterpillar Inc. and The Timken Company with a
Cr target and a V filter. Residual stress depth profiling analysis was undertaken for only the large fatigue samples

on both agprocessed samples in the 1045, 41at% 1060 alloys as well as all 1045 conditions that were fatigue
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tested to rurout at 10 to 15 million cycles. All residual stress depth profiles were obtained at the location of
maximum stressHigure 312).

Caterpillar Inc. tilized an American Stress Technologies (AST) X2002 and X30@Y xiffractometer for
the 1045 and 4145 samples and a Proto iXRD Combo diffractometer for the 1060 samples. All three machines were
operated at 30 kV and have a maximum currentof 6.7neAv®& n posi t i ve aangleswesewseth negat.i
per depth, for a total of fourteen data points used in the calculation of residua{Stietssn 2.3).To achieve depth
profiling (Figure 316), the first 1.016 mm of materiaémoval was accomplished with only electropolishing without
any subsequent grinding. At depths greater than 1.016 mm, a combination of grinding and electropolishing was
utilized to minimize error in the residual stress measurements. Howewgrnaum d 0.508 mm of materialvas
removedby electropolishing after grinding to prevent any bias from the grinding step on the residual stress
measurement. The axial and circumferential residual stresses were directly measured and radial residual stress was
detemined through principles of elasticity; compliance equations were applied at depths greater than 1 mm to
account for the material removed.

The Timken residual stress data was acquired using a Proto LXRD for all 1045, 4145, and 1060 conditions
analyzed.Material removal for depth profiling={gure 316) was accomplished with a Buehler Electromet 4
polisher with a solution of water, ethanol, perchloric acid, aBditbxyethanol. Seven positive and seven negative
g-angles were used per depth, for a total of fourteen data points used in the calculasituaf stress. A Pearson

VII fitting constant and 80% of the peak were used for fitting.

Electrolytic
Dissolution
Location

Grinding

Loaded Location
End
Figure 316 Residual stress sample afteray diffraction depth profiling using only electropolishing metho

by The Timken Comany (upper left) andsing a combination of electropolishing and grindin
by Caterpillarinc. (lower right).
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3.4.3 Inclusion Analysis

Inclusion characterization of the 1045, 4145, and 1060 material was undertaken by The Timken Company
utilizing an ASPEX &plorer personal scanning electron microscope (PSEM). All samples were polished to a
mirror finish and then placed in the PSEM. Image analysis was conducted with a 20kV accelerating voltage.
Energy dispersivepectroscopy (EDS)-xay data weracquiredfor approximately one second and quantified for
eight elements: magnesium (Mg), aluminum (Al), silicon (Si), sulfur (S), calcium (Ca), titanium (Ti), chromium
(Cr), and manganese (MnT.heinterstitial elements (O, N, or C) wenet quantified due to thanreliability oftheir
value due to thehort acquisition times used. Based on the eight elements quantified, five inclusion categories were
created: manganese sulfide (MnS), manganese sulfide with calcium (MnCaS), manganese sulfide with aluminum
(MnAIS), alumina (AbOs), and aluminanagnesia (AOz-MgO).

Fourteen 1045 steel samples were analyzed, ranging in area from 34 228 mm, for a total
combined area of analysis of 2600r°. Twentynine 4145 steel samples were analyzed, ranging in area i®m 2
to 238 mm, for a total combined area of analysis of 560®°. Thirty-three 1060 steel samples were analyzed each
with an areaf to 200 mm, for a total combined area of analysis of 660®. The inclusion data received from
the Timken Company conted information about the inclusion chemical composition, size (area), aspect ratio, and
location within the analysis area.

To appropriately model inclusion populations, the underlying distributions of each population must first be
determined. Using thiarge amount of inclusion datquantilequantile (QQ plots}68] were used in conjunction
with p-values to determine the best distribution fit to eactheffive inclusion categorig69]. The five
distributions tested were: normal, lognormal, weibull, exponergial the generalized extreme value distribution.
Al'l o6aread data for the inclusions were used in an unt |
inclusion distribution fitting was used to determine the relative rarity of the inclpsésent at the crack nucleation
location based on the distribution of the inclusion types.

In addition to a basic understanding of the underlying distributions within each inclusion category, the
assumptions of the extreme value statistical analysighwhidescribed in the next section, were also verified.
Extreme value statistical analysis is only valid if the square root transform of the area of the inclusion conforms to a
Gumbel distributiorf27].

3.4.4 Inclusion Analysis by Extreme Value StatisticalAnalysis

The basis of the extreme value statistical (EVS) analysis procedure was pres&etetibir?.5 and the
procedure described Section 2.5 waapplied to the inclusion data received from the Timken Company for the
1045, 4145, and 1060 steel alloys for seven inclusion categories: MnS, MnCa$S, Ml MJdO-Al 05, MnCaS
with Al,0s-MgO, and Ma (irrespective of chemical composition).

All three alloys (1045, 4145, and 1060) were analyzed in the rolling direction utilizing EVS analysis and a
10 mm x 10 mm field of view to compare their inclusion populations. However, the results of the Byé&ama
sensitive to the size of the field of view that is analyzed within the dataset. The effect of the sampling area on the
prediction capabilities of the extreme value statistical distribution was determined for the 1045 alloy. Several

sampling aras were selected (all in mm x mm): 10 x 10, 5x 10,5x5,2.5x5,2.5x 2.5, and 1.25 x 2. The total
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area sampled was 2700 rhexcept for the 1.25 mm x 2 mm sampling area that was analyzed over an area of 1700

mn?.

5 mm by 2.5 mm
wbmm 2.5mm by 2.5 mm
y
10 mm & v 5 mim 2 mm by 1.25 mm
by by
10 mm Smm
Figure 317 The six inspection areas compared for the 1045 inclusion analysis.

The majority of the inclsion data weranalyzed in théongitudinal ¢olling) orientation(Figure 318).
However, the plane of failure in the fatigugeriments is the transverse plane, perpendicular to the rolling direction
(Figure 318), so additional modification to the extreme value statistical analysis was undertaken to determine the
largest inclusion crossectional are&ransverse to the rolling directiofkigure 319 shows a schematic of inclusions
in the test material; the important inclusion measurements,gig he diameter in the minor axis direction
assuming an elliptical shape, angl,R, the diameter in the major axis dimension. In order to estimate the inclusion
area in the transverse plane, thg,fdimension was used for inclusions that are observed to either elongate or
orient themselves in the rolling direction such as MnSCEI®, and MnAIS. The other inclusions,@4 and ALO3-
MgO do not necessarily orient themselves in the rolling direction during rolling reductions, so the largest diameter,

Dmgor, Was used to estimate the cresstional area.

Rolling Direction
Transverse
Orientation (Plane)

<
Longitudinal
Orientation (Plane)
Figure 318 Inclusion surveys were conducted in the longitudinal orientation and later converted to the

transverse orientation.
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Figure 319 Dimension measured for each inclusion type to determine theseodenalkarea for endurance
limit estimation.

In a similar manner to the inclusion surveys, inclusions at the fatigue crack nucleation location can also be
analyzed by EVS analysis. Because all cracks are oriented transverse to the rolling direction, treyEigan
the inclusions is considered to be in the transverse orientation. For th&lRlddndition, microstructural features
dominated the fatigue crack nucleation regions and were readily distinguishable usin¢gsedbtgrkd detector in an
SEM; thisenabled EVS analysis to be applied to the apparent grain size at the fatigue crack nucleation location.

3.5 Fatigue Crack Nucleation Area Analysis

Fractography was undertaken for the large fatigue samples, small fatigue samples, and tensile samples.
Initial macrofractography was conducted using either a digital camera with a macro lens or a stereo microscope.
Samples were also analyzed in an SEM for the high depth of field and high resolution achievable using this imaging
method. Overall images ofdhinduction hardened fracture surface were obtained to measure the depth of the
fatigue crack nucleation from the surface of the part as well as seven representative images from two fracture
surfaces for each condition testédiglre 320). EDS analysis was also utilized if an inclusion was observed at the
crack nucleation region to obtain chemical composition of the inclusion. Small fatigue samples and tensile samples
were also analyzed in the SEM to characterize fracture &satuboth types of samples and the region of fatigue
crack nucleation in the small fatigue samples.

If the nucleating feature was an inclusion, ED®a¥ mapping was utilized to assess its composition
profile. EDS xray mapping was conducted with@® x 256 pixel grid with a 200

minimum of eighty full image scans per image.
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Figure 320

To allow for a better understanding of the microstructural fegtina nucleated fatigue cracks in some
conditions,a combination of focused ion beam (FIB) and electron backscattered diffraction (BEBS@5ed to mill
down the nucleatiolocation then to characterize the local crystallography of the nucleation location. The ion
source was operated at 30 kV with a current betwee@2mA. Final low energy cleaning was conducted at 5 kV
and a current of 120 pA. Milling was performedaaglancing incidence angle until the nucleation location was
milled flat (Figure 321). Platinum fiducials were used to ensure the nucleation location could be identified after
milling (Figure 322 andFigure 323). All EBSD data collection after FIB milling was done at 25 kith a
working distance of 15 or 20 mm and a step siz8aim(1045N low case depth) or 50 nm (4148 low case

depth)

Figure 321

Nucleation Location

Nucleation/Core
(1060-N only)

Upper Core....

. J- Lower Core

i B y . Lower Case

L

Schematic of large induction hardened sample fracture surface with the locations where SE

images wereollected.

Ga Beam Path
Nucleation Location o7

Orientation of Gallium FIB beam in relation to the nucleation location of the fractured induct

hardened fatigue samples.
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100 pm
Figure 322 FIB milled area at the nucleation location of the 1-:08®Bw case depth sgte. The nucleation

location was identified using the platinum fiducal mark depogteat to milling.

Platinum
Fiducial
Marks

Nucleation |
Location

Figure 323 FIB milled area at the nucleation location of the 4HF low case depth sample. The nucleati
locationwas identified using the platinum fiducal marks deposited prior to milling.
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CHAPTER 4: RESULTS: MICROSTRUCTURE

This chapter describéke starting microstructure for all testing conditions. The microstructural
development in the induction hardened plag, small fatigue samples that are meant to simulate the core of the
induction hardened samples, and the microstructure of the tensile tests which are meant to simulate both the case and

the core microstructure of the induction hardened samples atmaihsaand described.

4.1 Microstructure after Initial Heat Treatments

The three alloys for this study are 1045, 4145, and 1060 steel. The composition and initial heat treatment
of these alloys were describedSection 3.2.Two initial heat treatmentsiormalized (N) and quenched and
tempered (Q&T), were used for the 1045 alloy. The 4145 alloy was induction processed in thebadot Q&T
condition. Finally, the 1060 alloy was normalized before induction processing.

4.1.1 Initial Microstructure T 1045
Ideal diameter (DI) calculations for the 1045, 4145, and 1060 alloys were calculated based on the chemistry
of each alloyTable 31) and ASTMA2550 7 fiSt andard Methods for Defl4lr mi ni ng
The calculated idea diameter for the 1045, 4145, and 1060 alloy were found to be 37, 155, anc:dfectivaly.
The 1045N heat treatment resulted in a ferrite/fine pearlite microstructure with some continuous ferrite bands
visible in the rolling directionKigure 41a). SEM imaging of the 104N condition Figure 42a) revealed a fine
pearlitic structure with small ferrite grains, which was the goal of the normalizing heat treatment. By creating fine
pearlite and smaller grains of ferrite, it was expected that the induction hardening resporssallofytiiould
improve as compared to the@seived hotolled ferrite pearlite microstructure. The 1043&T condition was
found to be a i of very fine pearliteand ferrite Figure 42b), and there was no significant bandifdgserved
(Figure 41b).

4.1.2 Initial Microstructure 1 4145 alloy

The 4145HR condition had bands of ferrite/bainite (brown/purple) and bands of untempered martensite
(white) as shown ifrigure 43a. Accordimg to LePerg66], the ferrite or bainite etches as purple or brown, while
untempered martensite or retained austenite will not etch and appéia:s Migher magnification optical
microscopy of the bands revealed a needle like morphology which would be expected of untempered martensite
(Figure 45). An SEM micrograph of an orientation transverse to the rolling direiishown inFigure 44; the
untempered martensite appears flat in the SEM image and is indicated with arrows.

Low load (10g) Vickers microhardness measurements were obtained on each of the microstructural bands.
The resulting Brdness in the purple/brown bands was 37.0 + 1.2 HRC, while the white bands had an average
hardness of 56.4 + 1.2 HRC. The expected hardness for a 0.45 wt. pct. carbon steel with 100% martensite is 59
HRC[36]. Thus, it was inferred that the white bands were untemperedmsiigtenot retained austenite. Energy
dispersive spectroscopy (EDS) analysis did not reveal any discernible elemental differences between the bands of

the microstructure. Xay diffraction (XRD) was also utilized to characterize the microstructure aseano
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confirmation that the bands were untempered martensite, not retained austignite.46 shows the results of the
XRDscanfrom4%4 6 degrees 20U. The ferrite and cementite peak:
peak was observed. Based on the area fraction of white bands sheiyaren43, an austeite peak would have
been observed if the bands were indeed austenite. TheNL8A8 106N XRD scans are shown along with the
4145HR scan for comparison.
The 4145 Q&T condition also exhibits banding after etchiigure 43b). However, the hardness of the
light and dark brown bands are not significantly different (44.8 £ 0.2 versus 46.7 £ 0.7 HRC). SEM examination of
the microstructure transverse to the rolling direction revealed a uniform tempered martensite mic®g&igoner
44b).

(a) (b)

Figure 41 Threedimensionabptical micrographsf the (a) 1045\ and (b) 10480&T core microstructure,
4 pct. Picric acid with 1pct Sodium metabisulfifeolor image; referto PDFfile.)
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2 pm

(b)

Figure 42 SEM imags of the (a) 1045\ and (b) 1048Q&T conditions transverse to the rolling direction.
Samples for the micrographs were acquired from the center of the 22 mm end sectionggé t|
fatigue samples, gct. Picric acid with 4pct. sodium metabisulfite.

(a) (b)

Figure 43 Threedimensionabptical micrographsf the (a) 41484R and (b) 4148&T core
microstructure, 4% Picric acid with 1% Sodium metabigai(fiolor image; refer to PDFile).
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(b)

Figure 44 SEM imags of the (a) 41484R where the arrows indicate the martensite bands and (b) 414&
Q&T conditions transverse to the rolling direction. Samples for flkeographs were acquired
from the center of the 22 mm end sections of the large fatigue samples, 4% Picric acid with
Sodium metabisulfite.

ke,
200 um

(b)

Figure 45 Optical micrographs of the 4143R condition showing théa) overall unetched area and (b) a
higher magnification image of the unetched area, 4% Picric acid with 1% Sodium metabisul
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Figure 46 X-ray diffraction analysis of the 1048, 4145HR, and 106€éN samples transvse to the rolling

direction. The locations of the austenite, ferrite, and cementite peaks are noted.

4.1.3 Initial Microstructure 1 1060 alloy

The 1060 steel was a mixturefafely dispersedpheroidized carbides, fine pearlite, and islands of ferrite
(Figure 47). The normalizing treatment was not of sufficient length to allow all of the carbon to go into solution, so
some spheroidized carbides remained after the normalizing treatment. Due to the high cadmbnhcovngver, it
was determined that an adequate amount of carbon could still be solutionized to allow for a hard martensitic case

even with the spheroidized carbides present.

4.2 Induction Hardened Microstructures

The goal of thenductionhardening proess was complete transformation of the initial microstructure into
martensitén the casend a minimal transition zone from the case to the eoceostructure The induction
hardening parameters and-s@tconditions for the 1045, 4145, and 1060 adoy describeth Section 3.2.2. The
microstructurs of the case, transition region, and casere examined to determine the extent of transformation
during the hardening procesH.full transformation of thénitial microstructuredid not occur at theusface of the

part, then the component was considered to have incomplete hardening.
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Figure 47 Threedimensionabptical micrograplof the 1066N core microstructure, 4 pct. Picric acid witl
1 pct. sodium metabisulfitecolor image; refer to PDF file)

4.2.1 1045 Induction Hardened Microstructures

The 1045 dby was induction hardened two starting microstructural conditionferrite/fine pearlite (N)
anda tempered martensite (Q&TJEachcondition produced wasduction hardened to produce two distinct case
depth conditions labeled as low and high case depths. TheNL@4& considered the more difficult of the two
starting conditions to induction harden due to the large amount of ferrite in the microstrwbiaharequires
greater temperatures and timesllow full transformation of the ferrite to austenite. The Q&0 condition, on
the other hand, was considered ideal for induction hardening due to the relatively homogeneous distribution of small
carbides thraghout the microstructurgvhich allows for shorter carbon diffusion distances and in turn more
complete transformation during hardening.

The microstructures of the 1046low and high case depth conditions are showFigire 48. In the low
case depth conditioffrigure 48a), there was incomplete transformation of the starting microstructure during
induction hardening which resulted in retained ferrite near the surface of the specimen. Incomgleraation
was more prominent deeper in theese as progressively larderrite grains were present. The core microstructure

did not change greatly from the-heat treated microstructure during induction harderfiguie 41a). In contrast,

53



the high case depth condition had complete transformation near the surface of the specimen, and retained ferrite was
only present in the transition region between the case and the core.

The 1045Q&T condition figure 49) exhibitedcomplete transformation to martensite, as expected, in
both the low and high case depth conditions near the swfdhe induction hardened components. The transition
region in both the low and high case depth condition is relgtsrahll (as compared to the 10M5conditions) and
is composed of heavily tempered martensite from the initial microstructure, tempered martensite from induction
hardening, and small islands of ferrite. The core in the low and high case depth corglifimcizsainged from the

initial heat treatments.

4.2.2 4145 Induction Hardened Microstructures

The 445 aloy was induction hardened frotwo starting microstructural conditionsainite/untempered
martensit§HR) and tempered martensite (Q&TIEach conditio wasinduction hardened to produce two distinct
case depth conditions labeled as low and high case deptiis.the HR and Q&T condition were considered to
contain appropriate microstructures for induction hardening due to the relatively fine dispéisidoides
throughout both of the microstructures.

The microstructure of the 414%R low and high case depth conditions are showkignre 410. In the
low and high case depth conditions, complete transformation of thegtanittrostructure occurred near the surface
during induction hardening. The transition region is relatively abrupt and contained a matrix of martensite with
islands of untransformed bainite. The microstructure of the core appeared similar thea¢traated
microstructure in both the low and high case depth conditions.

Similarly to the 41484R condition, complete transformation of the starting microstructure was achieved in
the case of both the low and high case depth 41&% condition(Figure 411). The transition region is relatively
small in both case depth conditions. The transition region is a mixture of heavily tempered martensite from the
initial microstructure and lightly tempered martensite from induction hamdenthe core microstructure remains
unchanged in both case depth conditions.

4.2.3 1060 Induction Hardened Microstructures

The 106Qalloy was induction hardened usiogestating microstructural conditiarferrite/fine
pearlite/spheroidized carbides (NJhis condition wasnduction hardened to produce two distinct case depth
conditions labeled dsigh-1 and high2 (Figure 412). The spheroidized carbides were not ideakfmmplete
austenitization of the case durimgluctionhardening due to the long dissolution tBmequired. However, the
reduction in carbon level due to the retained spheroidized carbides results in a reduced propensity for quench
embrittlement (Section 2.1.3) he case of the two case depth conditions aeaspletely transformed to martensite
with some retained spheroidized carbides from the starting microstructure. The transition region is a mix of
martensite and retained ferrite islands almost completely surrounded by fine pearlite/bainite. The core

microstructure remains unchanged from the starting microstructures in both case depth conditions.
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(@)

(b)

Figure 48 Optical micrographs of the microstructural gradifeom the surface (left) to the core (right) of
the 1045N (a) low case depth and (b) high case depth conditions with higher magnification
images of the case, transition, and core regiopst.gicric acid.
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8
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w
1000 pm
Case (Surface) Transition Region Core
(b)
Figure 49 Optical micrographs of the micragttural gradienfrom the surface (left) to the core (right) of

the 1045Q&T (@) low case depth and (b) high case depth conditions with higher magnificati
images of the case, transition, and core regiopst.gicric acid in methanol.
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(@)

1000 pm

Transition Region

(b)

Figure 410 Optical micrographs of the microstructural gradient fromsiinéace (left) to the core (right) of
the 4145HR (a) low case depth and (b) high case depth conditigost, gicric acid in methanol.
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(@)

(b)

Figure 411 Optical micrographs of theinrostructuralgradientfrom the surface (left) to the core (right) of
the 4145Q&T (a) low case depth and (b) high case depth conditiopst. picric acid.
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(@)

(b)

Figure 412 Optical micrographs of the microstructural gradiiga the surface (left) to the core (right) of
the 1066N (a) high1 case depth and (b) highcase depth conditionspét. picric.
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4.3 Small Fatigue Sample Microstructures

The purpose of the small fatigue samples was to determine the endurance limit of the core of the large
induction hardened sampléSection 33). To accomplish proper estimation of the core endurance limit, the
hardness and microstiture of the small fatigue samples needed to be as similar to the core of the induction
hardened samples as possible. The microstructures of the small fatigue samples in-tel0a58&T, 4145
HR, 4145Q&T, and 1066N conditions are shown iRigure 413to Figure 415. Using &de by side comparisons,
the microstructures of the small fatigue samples in all conditions were determined to be sufficiently similar to the

initial microstructureshown in ®ction 4.1.

4.4 Monotonic Tensile Sample Microstructures
Monotonic tensile samples were created to determine tensile properties for the case and core regions of the
large fatigue samples. The heat treatments applied for the core and simulated désesane showtin Section
3. The resulting microstructures after heat treating are showigime 416 to Figure 418. Similar, to the small
fatigue samples, all conditions were determined to bécrifly similar to the initial microstructures shown in
Section 4.1 whenompared as side to side images. The simulated case microstructures in all three alloys were

found to be homogeneolightly tempered martensite, which was consistent with theasiarctures observed in

the case of the thredloys (Section 4.2).

Figure 413 Optical micrographs ahe (a) 1045\ and (b) 10480&T small fatigue samples, gt. picric acid.
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(b)

Figure4.14 Optical micrographsf the (a) 41484R and (b) 414%&T small fatigue samples, gt. picric
acid

.,4" , : \ A _ ; 85 ™y
Figure 415 Optical micrograplof the 1060N small fatigue sample, gct. picric acid

61



Figure 416 Optical micrographsf the (a) 1045\ simulated core, (b) 104Q&T simulated core, and (c)
1045simulated case monotonic tensile samplgs;tdpicric acid.
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(b)

()

Figure 417 Optical micrographsf the (a) 41484R simulated core, (b) 4146&T simulated core, and (c)
4145simulated case monotonic tensile samplgs;tdpicric acid.

(@) (b)

Figure 418 Optical micrograph®f the (a) 1066N and (b) 106&imulated case monotonic tensile samples,
pct. picric acid.
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