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ABSTRACT

BENDING FATIGUE BEHAVIOR OF CASE-HARDENED PYROWEAR 53
STEEL GEARS WITH INCREASED RETAINED AUSTENITE CONTENT

Cinar, irem
M.S., Department of Metallurgical and Materials Engineering

Supervisor: Prof. Dr. Riza Giirbiiz

September 2025, 107 pages

The bending fatigue behavior of Pyrowear 53 (AMS6308) alloy gears with retained
austenite (RA) content was examined. RA levels were adjusted by modifying the
carbon potential during carburizing and application of sub-zero heat treatments, re-
sulting in RA contents of 17.4%, 47.4%, and 47.9% in the test groups, compared
to 15.4% in the reference group. The effect of surface carbon altering on the RA
content was concluded to be minimal, compared to the sub-zero treatment. Bending
fatigue performance was evaluated using the Single Tooth Bending Fatigue (STBF)
test method. The test results showed a significant improvement in bending fatigue
strength, with an increase of over 25% in endurance limit when RA content elevated
from 17.4% to 47.9%. This improvement was mainly linked to the crack closure ef-
fect caused by martensitic transformation of the RA phase. Despite a faster crack
propagation rate was observed in gears with higher RA content, their overall fatigue
performance in STBF tests was concluded to be superior. This was attributed to de-
layed crack initiation and the dampening of small sub-surface cracks, as observed
through Scanning Electron Microscopy (SEM). Microstructural evaluations and mi-

crohardness measurements were repeated after the tests, indicating RA to martensite



transformation occurred at high load. The lack of this transformation at lower loads
with high RA samples were observed to lead to great decreases in the hardness, which
can potentially result in early wear and surface fatigue failure of the gear. While in-
creased RA phase content was concluded to contribute positively to bending fatigue
performance of case-carburized Pyrowear 53 alloy steels, risks were highlighted as
for high performance transmission applications as dimensional instability, lower sur-

face hardness, surface fatigue failure potential and instable nature of the RA phase.

Keywords: Pyrowear 53 Alloy Steel, Single Tooth Bending Fatigue Test, Retained

Austenite, Gears
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0z

ARTTIRILMIS KALINTI OSTENIT ICERIGINE SAHIP YUZEY
SERTLESTIRILMI$ PYROWEAR 53 QELIGI DISLILERIN
EGILME-YORULMA DAVRANISI

Cinar, frem
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Riza Giirbiiz

Eyliil 2025 , 107 sayfa

Kalint1 6stenit (KO) icerigine sahip Pyrowear 53 (AMS6308) alasim celigi dislilerin
egilme yorulma davranisi incelenmistir. RA seviyeleri, sementasyon (karbiirizasyon)
sirasinda karbon potansiyelinin degistirilmesi ve kriyojenik (sub-zero) 1s1l islemlerin
uygulanmasiyla ayarlanmis ve referans grubundaki %15,44’e kiyasla test gruplarinda
%17,4, %47,4 ve %47,9 degerlerine ulasmistir. RA igerigi tizerindeki yiizey karbonu
degisiminin etkisinin, kriyojenik islemle karsilastirildiginda oldukg¢a sinirli oldugu
sonucuna varilmigtir. Egilme yorulma performansi, Tek Dis Egilme Yorulma (STBF)
test yontemiyle degerlendirilmigtir. Test sonuclari, RA iceriginin %17,4’den %47,9’a
yiikselmesiyle dayanim sinirinda %25’in iizerinde bir artig saglandigin1 ve e8ilme
yorulma dayaniminda onemli bir iyilesme oldugunu gostermistir. Bu iyilesme esas
olarak, RA fazinin martenzite doniismesiyle olusan ¢atlak kapanma etkisine baglan-
mistir. Daha yiiksek RA igerigine sahip dislilerde daha hizli bir catlak ilerleme hizi
gozlenmis olsa da, STBF testlerindeki genel yorulma performanslarinin iistiin oldugu

sonucuna varilmigtir. Bu durum, taramal1 elektron mikroskobu (SEM) ile gdzlemlen-

vii



digi iizere gecikmis catlak baslama ve kiiciik yiizey alt1 catlaklarinin séniimlenme-
siyle aciklanmugtir. Testlerden sonra tekrarlanan mikroyapisal incelemeler ve mikro-
sertlik Ol¢iimleri, yiiksek yiikler altinda RA’dan martenzite doniisiim gerceklestigini
gostermistir. Yiiksek RA icerigine sahip numunelerde diisiik yiikler altinda bu donii-
siimiin olmamasi ise sertlikte biiyiik diislislere yol acmis, bunun da erken asinma ve
yiizey yorulma kirilmalarina neden olabilecegi degerlendirilmistir. Sonug olarak, ar-
tirtlmig RA fazi iceriginin sementasyonla sertlestirilmis Pyrowear 53 alasimli ¢elikle-
rin egilme yorulma performansina olumlu katki sagladigi, ancak yiiksek performansh
transmisyon uygulamalari i¢in boyutsal kararsizlik, diisiik yiizey sertligi, yiizey yo-

rulma kirilmasi riski ve RA fazinin kararsiz yapisi gibi riskler tasidigi vurgulanmistir.

Anahtar Kelimeler: Pyrowear 53 Alasim Celigi, Tek Dis Egilme-Yorulma Testi, Ka-
Iint1 Ostenit, Digliler

viii



For my family, my friends;
and everyone else,

who tries to do their best

X



ACKNOWLEDGMENTS

Firstly, I would like to thank my supervisor, Prof. Dr. Riza Giirbiiz, for his endless
support, guidance, and belief in me throughout this study. His mentorship was vital

for the completion of this thesis. Thank you, hocam, for all your contributions.

I would also like to thank my chief engineer at Turkish Aerospace, Emrah Yaliniz,
for his support from the very beginning of this thesis and for continually urging me
forward. I extend my heartfelt thanks to all my colleagues at Turkish Aerospace for
their encouragement and for accommodating me during this particularly busy period.

Your support is what kept me going.

Although my name appears on the cover of this thesis, I have received a great deal of
help from many people. First, I would like to thank Ipek Karakaya for her assistance
with the CAD design of the test gears. We’ve been in this together since the early
days. I am also grateful to B. Ozge Ilme for her kind help with the heat treatment
of the gears. For their help in the fatigue tests, I sincerely thank Kamil Cem Bulut
and Cumhur Harcci. 1 am also thankful to Ceren Aydin for her cooperation during
the preparation of microstructural specimens and their examinations. For their help in
residual stress measurements, [ want to thank Burak Can Sahin and Samet Demiralay.
This thesis was completed thanks to the contributions of you all. I would also like to
thank the people who stood by me during this challenging time. Thank you Furkan,
for the playlists, dreams, and for keeping me company. Writing a thesis was more fun
than I could have imagined, all thanks to you. Thank you, Elif, Ece, and Merve, for
being there for me, like you’ve been there before. I had to give up our time together
for this thesis, but your encouragement and understanding made it possible for me to

complete it.

Finally, I would like to thank my parents, Hepsen and Zekeriya. Mom, dad, it was all
thanks to you. I could never have done this without your support, in every sense of

the word. Thank you for being my parents.



TABLE OF CONTENTS

ABSTRACT . . . . . e A%

OZ . . vii

ACKNOWLEDGMENTS . . . . . .. .. o o X

TABLE OF CONTENTS . . . . . . . . . e xi

LISTOFTABLES . . . . . s e Xiv

LISTOFFIGURES . . . . . . ... e XV

LIST OF ABBREVIATIONS . . . . . . . . ... . XX
CHAPTERS

I INTRODUCTION . . . . . ... e 1

1.1 Background . . . . . . . . ... ... 1

1.1.1 Fatigue FailureinGears . . . . . . ... ... ... ...... 1

1.1.2  Bending Fatigue Performance Determination in Gears . . . . . 2

1.1.2.1 Analytical Calculation Methods . . . . . .. ... ... 3

1.1.2.2 Finite Element Analysis Methods . . . . ... ... .. 5

1.1.2.3 Experimental Methods . . . . . . ... ... ... ... 6

1.1.3  Bending Fatigue Performance Improvement Methods . . . . . 12

1.1.3.1 Material Selection . . . . . .. ... .. ... ... 12

1.1.3.2 Improvement in the Tooth Geometry . . . . .. .. .. 13

xi



1.1.3.3 Surface Improvement Methods . . . . ... ... ...
1.1.4  Retained Austenite Phase . . . . . . ... ... ... ..

1.14.1 Strain Induced Martensitic Transformation from the RA
Phase . . . . . . . . ..

1.1.4.2 Control of the Retained Austenite Phase . . . . . . . . .

1.1.5  Fatigue Performance of Pyrowear 53 Alloy Steel Gears . . . .

1.2 Literature Review . . . . . . . . ... ... oL
1.3 Motivation and Problem Definition . . . ... ... ... ... ...
2 EXPERIMENTAL PROCEDURE . ... .. .. ... ... ... .....
2.1 Material . . . . ...
2.2 Geometrical Properties of TestGears . . . . . .. ... ... ....
23 TestMatriX . . . . . . ..
2.4  Productionof TestGears . . . . . .. ... ... ... ........
24.1  Heat Treatment Simulation . . . . .. ... ... .......
24.2  Machining and Heat Treatment . . . . . . ... ... ... ..

2.5 Metallurgical Examinations . . . . . ... ... ... .. ......
2.6  Single Tooth Bending Fatigue Test . . . . . . . .. ... .......
2.6.1 Equipment . . . . ... ... ...
2.6.2  Bending Fatigue Test Parameters . . . . . ... ... ... ..
2.6.3  Statistical Analysis of the Bending Fatigue Test Results . . . .

2.7 Residual Stress Measurement . . . . . . ... ... ...
2.8 Fractographic Examination . . . . . . . ... ... ... .......

3 RESULTS ANDDISCUSSION . . . . .. ... .. .. .. ... .

xii



3.1 Heat Treatment Simulation . . . . . . . . . . . . . . ... ... ... 49

3.2 Hardness and Carbon Pro le MeasurementResults . . . . . ... .. 52
3.3 Residual Stress Measurements . . . . . ... ... ... ... . ... 57
3.4 Retained Austenite Phase and Martensitic Transformation . . . . . . 58
3.5 Single ToothBendingTests . . .. ... ... .. .......... 69
3.5.1  Static Test Performance . . . . . ... ... ... ... .... 69
3.5.2 Innite and Finite Life Fatigue Behaviors . . ... ... ... 69
3.5.3  Empirical Calculation of Bending Stress . . . . . .. ... .. 76
3.6 Crack Initiation and Propagation Characteristics . . . .. ... ... 77
4 CONCLUSIONS . . . . . s e 93
REFERENCES . . . . . . . . 95
APPENDICES
A SINGLE TOOTH BENDING FATIGUE TEST RESULTS . . . . . ... .. 105

Xiii



LIST OF TABLES

TABLES

Table 1.1 Chemical composition of Pyrowear 53 alloy steel [59]. . . . . . .. 21
Table 2.1 Chemical composition of Pyrowear 53 steel used (wt%). . . .. .. 31
Table 2.2 Main geometrical properties of the testgear. . . . . . .. ... ... 32
Table 2.3 TestMatrix . . . . . . . . . . . . e 33

Table 3.1 Heat treatment simulation results for RA and depth of RA at root llet 49

Table 3.2 Heat treatment simulation results for minimum principle stress on
the gear tooth and depth of the maximum compressive stress from the root
et . . 51

Table 3.3 Macrohardness results from the carburized surfaces and core regions

ofthetestgears. . . . . . . . . . . .. . .. ... 53

Table 3.4 Residual stress measurement results from the surface of center of
rootof highRAgears. . . . . . . . . . . . . . 58

Table 3.5 Wolume percentage of retained austenite measured for each test group. 59
Table 3.6 StaticTestResults . . . . . . .. .. .. ... ... ... ...... 69

Table 3.7 Endurance limits of the test groups, calculated by Dixon-Mood

equations of staircasetests. . . .. .. .. .. ... .. ... .. ... 72

Table 3.8 AGARD-AG-292 Curve Fitting Parameters for Test Groups . . . . . 73

Xiv



LIST OF FIGURES

FIGURES

Figure 1.1  Gear tooth failures by the associated loadings on meshed gears

Figure 1.2 A typical SN curve obtained by ISO and AGMA methods for
tooth root bending of case-hardened gears, showing that the standards

provide the curve in a scatteringrange [15]. . . . . ... ... ... .. 5

Figure 1.3 A mesh arrangement re nement proposal for a more time and

cost ef cient bending and contact stress determination [17]. . . . . . . . 6
Figure 1.4  Details and components of SAE J1619 STBF test scheme [22]. . 7

Figure 1.5  Schematic of a symmetrical STBF test xture xated horizon-
tally [7]. . . . o o e 8

Figure 1.6  Schematic of symmetrical STBF test xture xated vertically
[15]. Cross-reference to the test scheme designed by FZG [36] . . . . . 9

Figure 1.7 A STBF test methodoloy where only a single tooth is loaded
with no need for a support tooth. [37]. . . ... ... ... ... .... 10

Figure 1.8  Atooth bending strength determination test methodology adapt-
ing the three-pointtest principle [38]. . . . . . . .. .. ... ... ... 11

Figure 1.9 Double-tooth loading test method, developed by Lietal. [26]. . . 11

Figure 1.10 Comparison of bending fatigue performance of different aerospace
quality steel gears at room temperature, obtained via STBF tests [39].

Note: Lesco 53 is an alternative name used for Pyrowear 53. . . . . .. 13

XV



Figure 1.11 FEA results of the change in the stress distribution on root llet
after drilling of reliefholes [44]. . . . . . . .. ... ... ... .... 14

Figure 1.12 The bending fatigue performance of shot peened specimens from
[45], summarized by [46]. . . . . . . . .. . 15

Figure 1.13 Residual stress distribution on 16MnCr5 alloy steel gears in

shot-peened and unpeened condition[45]. . . ... ... .. ... ... 16

Figure 1.14 RA distribution in case-hardened SAE 8620H steel measured
via XRD. The steel is carburized at 927°C for 5 hours, homogenized at
844°C for 1 hour, quenched at 60°C oil and tempered at 188°C [29]. . . 17

Figure 1.15 Optical micrographs of an industrial grade high-carbon steel be-
fore (a) and after (b) the application of 2000 MPa of compressive load,
showing a decrease from 60% to 15% in volume of RA upon the load-
ing. The white areas show the RA phase in both images, while the black

areasare martensite [52]. . . . . . ... o 19

Figure 1.16 The change in volume fraction of phases in an industrial grade

high-carbon steel with increasing compressive stress on the sample [52]. 19
Figure 1.17 CCT Diagram of Pyrowear-53 at non-carburized state [60] . . . 23

Figure 1.18 STBF test results of shot peened VIM-VAR Pyrowear 53 steel
gears, with two different curve tting methods, namely GEAR 5 and
GEARGI[S]. . . . . . o e 23

Figure 1.19 Bending fatigue in 17CrNiMo6 gears indicating the effect of RA
[B1]. . o o 26

Figure 1.20 RA transformation behavior of SCM420H steel specimens, in-

stu measured from the surface during fatigue tests [64]. . . . . . .. .. 28
Figure2.1  CAD model oftestgears. . . .. ... .. ... ... ...... 32
Figure 2.2  Single-tooth section of gear for heat treatment simulation. . . . . 34

XVi



Figure 2.3  Copper platingonthetestgear. . . . ... .. ... ... .... 35
Figure 2.4  Heattreatmentconguration . . .. ... ... ... ...... 36

Figure 2.5 Heat treated test gear and representative specimen after copper

removal. . . . . .. 37
Figure 2.6 Microstructural examination specimen. . . . . . ... .. .. .. 38
Figure 2.7 Micro-hardness measurement locations. . . . . ... ... ... 38

Figure 2.8  Tested gears after specimen extraction for repeated microstruc-

tural evaluation of the testedteeth. . . . . . ... ... .. ....... 39
Figure 2.9 Bending fatigue testequipment. . . . . . ... ... L 41

Figure 2.10 FEA results of the test gear loaded in the STBF equipment used

in this study. The results are given for statically loading at 80 kN from

the HPSTC points. . . . . . . . . . . . . e 42
Figure 2.12 Test gear conditions and tooth pair denotations . . . . . . .. .. 43
Figure 2.13 Drop in frequency during the fatigue tests. . . . . . . ... ... 45
Figure 3.1 Heat treatment simulation RA distributions. . . . . . .. .. .. 50

Figure 3.2 Heat treatment simulation minimum principal stress distributions. 52

Figure 3.3  Microhardness measurements results from the ank of the gear

Figure 3.4 Microhardness measurements results from the root of the gear
teeth. . . . . . 54

Figure 3.5 Microhardness measurements results taken from the surface of

thecouponsamples. . . . . . . . . . ... L 56

Figure 3.6  Carbon value measurements in weight by the depth from surface. 57

XVii



Figure 3.7  Optical micrographs from the case region of gears at 500X mag-
nication. . . . . . . . . . 60

Figure 3.8  Optical micrographs from the core region of gears at 500X mag-
nication. . . . . . . . . . e 61

Figure 3.9  Optical micrographs of gears at 50X magni cation. . . . . . .. 62

Figure 3.10 Microhardness measurements of Group 1, before and after the
fatigue tests, measured from the root. This particular gear tooth was
tested at 32 kN foN;=138,627 . . . . . .. . .. ... ... ..... 63

Figure 3.11 Microhardness measurements of Group 2, before and after the
fatigue tests, measured from the root. This particular gear tooth was
tested at 60 kN foN{=2,553cycles . ... ... .. ... ... .... 64

Figure 3.12 Microhardness measurements of Group 3, before and after the
fatigue tests, measured from the root. This particular gear tooth was
tested at 32 kN foN;=50,555cycles . . . . . ... .. ... ... ... 64

Figure 3.13 Microstructural image of Group 1 after the fatigue tests, mea-
sured from the root with 500X magni cation. This particular gear tooth
was tested at 32 kN fdW;=138,627 . . . . . . . . . . ... ... ... 65

Figure 3.14 Microstructural image of Group 2 after the fatigue tests, mea-
sured from the root with 500X magni cation. This particular gear tooth
was tested at 60 kN fad,=2,553cycles . . . .. ... ... .. .... 66

Figure 3.15 Microstructural image of Group 3 after the fatigue tests, mea-

sured from the root with 500X magni cation. This particular gear tooth

was tested at 32 kN fad;=50,555cycles . . ... ... .. ... ... 66
Figure 3.16 SEM images of the Group 2 specimen after the fatigue tests. . . . 68
Figure 3.17 Staircase bending fatigue test results of Group 1 gears. . . . . . . 70
Figure 3.18 Staircase bending fatigue test results of Group 2 gears. . . . . . . 70
Figure 3.19 Staircase bending fatigue test results of Group 3 gears. . . . . . . 71

XVili



Figure 3.20 Single Bending Fatigue Test Load-Cycle Results of Group 1 Gears 73
Figure 3.21 Load-Cycle Single Bending Fatigue Test Results of Group 2 Gears 74
Figure 3.22 Load-Cycle Single Bending Fatigue Test Results of Group 3 Gears 74
Figure 3.23 Load-Cycle Bending Fatigue TestResults . . . . . .. .. ... 75

Figure 3.24 SN diagram of the STBF test gears, calculated by the AGMA

stress formulation from the appliedstress. . . . . . . .. .. ... ... 77

Figure 3.25 Crack propagation behavior in test groups, wNegnepresents
the cycle at which the crack was detected, &hdrepresents the total

cycles before the failure de nition was reached, whichwas 1 mm. . .. 78
Figure 3.26  Fracture surfaces of selectedteeth. . . . . ... ... ... ... 80

Figure 3.27 The two sides of the separated teeth. The RA percentages, the
applied load and the cycle at which the teeth have failed are given below

each specimen. The letter "F" was written after the tests to indicate the

toothhasfailed. . . . . . ... ... . ... . ... . 82
Figure 3.28 Fractographic Examination of Group 1, SN3, T1. . . ... . .. 83
Figure 3.29 Fractographic Examination of Group 1, SN3, T13. . . . . . . .. 84
Figure 3.30 Fractographic Examination of Group 1, SN3, T19. . . . . . . .. 85
Figure 3.31 Fractographic Examination of Group 2, SN1, T5. . . ... ... 87
Figure 3.32 Fractographic Examination of Group 3, SN5, T23. . . . . . . .. 88
Figure 3.33 EDS results from the fracture surface of Group 3, SN5, T23. . . 89
Figure 3.34  Fractographic Examination of Group 3, SN5, T15 . . . . .. .. 90

Figure 3.35 SEM images of the Group 3 (High RA) specimen after the static
test, from two differentregions. . . . . . . .. ... 91

XiX



LIST OF ABBREVIATIONS

ABBREVIATIONS

AGMA American Gear Manufacturers Association
AMS Aerospace Material Speci cations
BCC Body Centered Cubic

CAD Computed Aided Drawing

CRS Compressive Residual Stress
ECD Effective Case Depth

EDM Electrical Discharge Machining
FEA Finite Element Analysis

FCC Face Centered Cubic

HCF High Cycle Fatigue

HCP Hexagonal Closed Packed

ISO International Organisation for Standardisation
LCF Low Cycle Fatigue

RA Retained Austenite

RS Residual Stress

SAE Society of Automotive Engineers
STBF Single Tooth Bending Fatigue
UTS Ultimate Tensile Strength

VAR Vacuum Arc Remelting

VIM Vacuum Induction Melting

XRD X-Ray Diffraction

XX



CHAPTER 1

INTRODUCTION

Gears are basic machine elements that use rotation to transmit power between parts
of a transmission system to change speed and/or direction of motion [1, 2]. Due to
the need for superior performance in high-end machinery, in addition to reliability
and reduced weight, improving the fatigue strength of gear parts is an important task
[3, 4]. An approach to increasing the fatigue life is to control the metallurgical char-
acteristics of the material. Retained austenite (RA) is an unstable phase often seen
in steels with a martensite phase transformation completion temperature lower than
room temperature. The effect of various mechanical and metallurgical properties on
the fatigue life of gears, including the RA content, has been studied using mathe-
matical, analytical, and experimental methods. One of the experimental methods, the
single-tooth bending fatigue (STBF) test scheme is a bending fatigue determination

technique that has been proven to be suitable for this purpose [5].

In this study, the bending fatigue performance of Pyrowear 53 steel gears with in-

creased RA contents has been investigated by STBF tests.

1.1 Background

1.1.1 Fatigue Failure in Gears

Two of the most common types of fatigue failure in transmission gear parts are bend-
ing and contact fatigue (also known as pitting or surface fatigue), both of which have

been studied extensively in the literature. As the meshing gears rotate, a frictional
force is created on the contact surface, along with a bending stress that is at its maxi-



mum on the root of the gear tooth, as illustrated in Figure 1.1a. The effect of contact
fatigue on the tooth can be observed as spalling on the ank (Figure 1.1b) and its ul-
timate failure type is tooth ank breakage. Unlike contact fatigue, which is arguably
not catastrophic in nature, bending fatigue failure in gears leads to sudden and com-
plete separation of the tooth [6]. The signi cance of tooth root bending fatigue arises
from the fact that failure of a single tooth causes an interruption in power transmis-
sion within the gearbox, often resulting in the complete failure of the entire system
[7]. As shown in Figure 1.1b, excessive bending fatigue results in crack formation at
the root llet of the gear tooth, which eventually causes tooth root failure.

(a) Forces on working gears (b) Failure types on the tooth

Figure 1.1: Gear tooth failures by the associated loadings on meshed gears [1].

Design methods for decreasing the fatigue failure risk of gears can be generalized in
three categories: test campaigns to build con dence together with failure analysis,
material improvements, and new geometrical design approaches [8].

1.1.2 Bending Fatigue Performance Determination in Gears

Essentially, the precise assessment of a gear's bending fatigue performance relies on
two general factors: knowing the gear's fatigue limit, and understanding the stress
experienced at the gear's most vulnerable point. In the design phase of gears, either

loading conditions are limited so that stress remains below the critical threshold while



considering safety factors, or the gear properties are improved in a way that meets the
speci ed load conditions. In both scenarios, it is essential to determine the stress
in the gear and correlate it with the gear's fatigue stress limit to achieve an optimal

design.

1.1.2.1 Analytical Calculation Methods

Wilfred Lewis derived the rst calculation method for determining the bending stress
of gears in 1892 using the cantilever beam theory [9], and although methodologies
have improved since then, most empirical methods, including the widely used ISO
6336 [10] and AGMA 2001-D04 [11], still fundamentally rely on this theory to calcu-
late the bending stress in spur and helical gears, as well as contact stress. Analytical
calculation methods remain the most common bending stress calculation methods,

even today [12].

The method recommended by AGMA (American Gear Manufacturers Association)
for calculation of bending stress, in a gear tooth involves the fundamental expres-
sion given in Equation (1.1) in Sl units, where the load, surface and geometrical
effects are given as different factors. In this expresswh,is the transmitted load

in the tangential directiorK , is the overload factokK is the dynamic factoK s is

the size factor, b is face width of the narrower geay,s the transverse modulk,

is the load distribution factokK g is the rim thickness factor anq is the geometry
factor, which is also a function &€, root llet stress-concentration factor [13]. The
values of most of these factors that depend on the condition of the gear and the load-
ing are estimated via charts and graphs. Therefore, this empirical method requires a

good amount of charts to estimate the value of these factors in the equation.

1 KuKs
bm Y3
Likewise, ISO 6336 given in Equation (1.2) involves similar factors as in the AGMA

s = WK KK

(1.1)

formulation. The factors given in the ISO method are folvp)(and stress concen-

tration (Ys) factors.
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F_bmn

Ye Vs (1.2)

Aida and Terauchi [14] propose an analytical approach for calculating bending stress
in spur gears. This method incorporates the shearing force into consideration, using
the two-dimensional elastic theory and the transform function. Their derived formu-
lation involves the following parameterS, the thickness of the tooth at its weakest
section; , the radius of curvature;N ,, the nominal stress;N ., the compressive
stress; and N , the nominal shearing stress (Equation1.3). The streddges N ,

and N are computable using the gear's geometric properties and loading condi-
tions. Despite providing a simple alternative for calculating bending stress, the Aida
and Terauchi method does not account for surface properties and metallurgical char-

acteristics, which are considered in the AGMA and ISO approaches .

S q
= 1+0:08= 066N ,+0:40 N2+36 N2+1:15N (1.3)

Still, the multiplying factors used in the ISO and AGMA expressions are given in
ranges, the values of which are dependent on characteristics such as cleanliness,
ductility, and fracture toughness of the material. The amount of retained austenite
phase is another property not included in these mathematical expressions. Typical
SN curves for the tooth bending performance of a case hardened gear calculated via
ISO and AGMA methods are given in Figure [15]. The curves not only diverge from
each other in low cycles, but they both also show a range in the high cycle region,
due to the expressions being given in ranges. Although this is a safer approach, in
the context of high-end gear design, where superior performance is expected, 1ISO
or AGMA-based calculation methods tend to exhibit conservative results. To meet
the high performance requirement in new technology gears, it is necessary to build
con dence in fatigue performance to justify a reduction in the safety margin [16].
Consequently, while analytical approaches are useful for preliminary insights, nite
element analysis and experimental methods are preferred for determining the bending

stress and fatigue life in spur gears more precisely for high-performance applications.



Figure 1.2: A typical SN curve obtained by ISO and AGMA methods for tooth root
bending of case-hardened gears, showing that the standards provide the curve in a

scattering range [15].

1.1.2.2 Finite Element Analysis Methods

While traditional analytical approaches may offer a straightforward solution for sim-
ple geometries and standard applications, more complex geometries and loading con-
ditions require the implementation of nite element analysis (FEA) methods to esti-

mate the stress state in gears with challenging geometries and loading conditions.

To decrease computation time and associated with the analysis, many researchers
have introduced innovative mesh arrangement and methodologies for improvement
of the results while maintaining time ef ciency for bending stress determination of
gears through FEA methods. Gonzalez-Perez and Fuentes-Aznar [17] offered a mod-
i ed meshing arrangement model that allowed more ef cient analysis of the teeth
under the load for bending and contact stress determination (Figure 1.3). Baragetti
[18] studied simulating the effects of different materials and surface treatment types

on the bending and contact fatigue stress. Concli et al. [19] investigated various fa-



Figure 1.3: A mesh arrangement re nement proposal for a more time and cost ef -
cient bending and contact stress determination [17].

tigue criteria by evaluating both FEA and experimental data. They concluded that
all examined criteria identify the same location as critical for failure. However, the
Findley and Papadopulus criteria prove to be the most accurate in predicting damage

levels.

While there are some studies that show a mismatch between FEM and experimen-
tal results [20]; when comparing the stress values obtained from empirical methods,
FEA methods, and actual experimental measurements; FEA results are found to be
more accurate in matching experimental data from strain gauges than the empirical
methods; despite having its own limitations, such as not providing detailed material

data as provided by the analytical methods [21]. Though this observation may be at-
tributed to the challenges encountered in accurately positioning strain gauges during

bending tests.

1.1.2.3 Experimental Methods

Although empirical calculation techniques provide the initial basis for estimating the
bending fatigue performance of gears, and FEM methods yield more re ned results,
gear testing remains essential for two principal reasons: rstly, to evaluate the impact

of advanced material, surface, and heat treatment processes that are not easily deter-



mined through simulations or calculation methods; and secondly, to be able to make

less conservative design choices by determining gear performance more accurately.

Tests on meshing gears, while providing the most realistic information about the
bending fatigue performance of the gears, are very costly.An alternative method for
assessing bending fatigue performance involves tests on notched specimens, which
are more cost-effective. However, the question of how representative these specimens

are remains debatable, raising doubts about the reliability of the results.

Single Tooth Bending Fatigue (STBF) test is a well-established testing method for
bending fatigue determination of gear component that is also cost-effective and rep-
resentative of gear parts [15]. The fundamental concept of STBF tests is based on
applying load directly to the tooth ank at the meshing point of the gears, eliminating
the need for rotational tests. This approach allows for several tests to be conducted on

each manufactured gear, incorporating the actual gear parameters into the test gears.

Figure 1.4: Details and components of SAE J1619 STBF test scheme [22].

In a general sense, there are 2 common STBF test methodologies [5]:

Symmetrical testing, where the two teeth tested are symmetrically loaded [5,
23, 24, 25, 26]

Asymmetrical (SAE) testing method, in which the purpose of one of the two
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Figure 1.5: Schematic of a symmetrical STBF test xture xated horizontally [7].

test teeth is to support the gear [27, 28, 29, 30, 31, 32, 20, 33, 34, 35].

The asymmetrical approach, referred to as the SAE method, was developed by the
Society of Automotive Engineers (SAE) in 1982 and the related technical standard
SAE J1619 [22] was published in 1997, followed by a revision in 2017. Its purpose
was to evaluate the factors that can affect bending fatigue life of gears, as outlined
in the SAE publication by Buenneke et al. [29]. Figure 1.4 illustrates the test setup,
where the gear is supported by a lower (support) anvil, and a fatigue load is exerted
by the upper anvil. In this testing approach, the point of contact between the upper
anvil and the loaded tooth is positioned close to the gear's base circle, with the antic-
ipated outcome being that the crack initiates from the loaded tooth. Although it was
preferred to de ne failure as the crack initiation, due to the technical incapabilities
of the time, the failure de nition was set as the tooth fracture. Asymmetrical tests
are often performed in hydraulic machines and some problems may arise if this test
scheme is performed on a resonance test machine, or if the test is not stopped before
the breakage [5]. Another disadvantage of asymmetrical tests is that misalignment
risk between the test tooth and the anvil not being parallel, which may end up with

variation in load distributions between the tests [34].



In addition to eliminating the risk of nonparallel anvil surface, unlike the asymmet-
rical (SAE) test approach, the symmetrical con guration of the STBF test allows the
utilization of resonance machines (pulsator), offering advantages of decreased test du-
ration and improved crack detection. In fact, the majority of researchers employing
the symmetrical test method for STBF typically set up the test xture on a resonance
machine. By supporting the gear with only two anvils in the symmetrical method, as
illustrated in Figure 1.5 and Figure 1.6, a statically determinate system is established,
and a minimum compressive load is always maintained on the tested teeth to prevent
gear displacement. In contrast to the SAE approach, which includes a shaft to secure
the gear and a support tooth to prevent motion, this technique lacks these features,
leaving the speci c tooth from which the failure will occur uncertain until it actually

happens.

Figure 1.6: Schematic of symmetrical STBF test xture xated vertically [15]. Cross-

reference to the test scheme designed by FZG [36]

Besides the basic classi cation into symmetrical and asymmetrical test schemes, there
are also other STBF test methodologies available.In their study, Demet and @ltsoyo
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[37] used a method that did not require supporting teeth, focusing instead on loading
a single tooth (Figure 1.7). Although effective, this approach restricted testing to a
limited number of teeth per gear. Akata et al. [38] derived a test xture for the deter-
mination of gear tooth bending fatigue performance that was inspired by three-point
bending test (Figure 1.8). Similar to Akata et al.'s design, in their 2023 study, Li
et al. [26], introduced a gear bending test xture shown in Figure 1.9a, designed
to assess bending fatigue performance. Called "double-tooth loading," this designa-
tion might be more appropriate for these test setups than the traditional single tooth
bending tests, given that symmetrical arrangements assess double teeth. As schemat-
ically shown in Figure 1.9b, this xture applies bending loads simultaneously to two
adjacent gear teeth, enabling a controlled evaluation of tooth root stress and fatigue
behavior. The arrangement allows precise derivation of bending stress at the tooth
root from the double-tooth load application point. Wagner et al. [32] developed a
novel STBF test apparatus that allows tests in stress ratios of any value between R =

-1 and R = 1 to be tested, called Single Tooth Reversible Bending Fatigue test.

Figure 1.7: A STBF test methodoloy where only a single tooth is loaded with no need

for a support tooth. [37].
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Figure 1.8: A tooth bending strength determination test methodology adapting the
three-point test principle [38].

(a) Actual test setup. (b) Schematic view.

Figure 1.9: Double-tooth loading test method, developed by Li et al. [26].

While each of the tooth bending fatigue test methods has its own advantages and dis-

advantages, all are structured to evaluate the gear's bending fatigue characteristics
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by minimizing the in uence of wear and contact stress. Today, STBF is the most
common method for determining the bending fatigue strength and the effect of vari-
ous gear design and process parameters on the bending fatigue performance. Though
practical and representative of a working gear, STBF test methods have their own
limitations compared to gearbox tests. A common drawback in all the STBF test
methods is the absence of a universal test xture capable of accommodating all gear
types. Currently, every STBF test xture, whether for spur gears or other types, ne-
cessitates the custom design of a new xture whenever there is a modi cation in gear
geometry. Two additional shortcomings of STBF test schemes include the xed po-
sition of the load application point and the testing of only one tooth pair at a time
[7]. In STBF tests, a single pair of teeth (or one tooth in asymmetrical tests) is ex-
amined, whereas in actual gear meshing, the failure is initiated by the weakest tooth
on the entire gear. In addition, typically load ratio is limited to positive values in
traditional STBFs, while gears like idler and planet gears experience fully reversed
stresses (R<0) [32].

Despite some limitations preventing STBF tests from being fully representative of
actual gear meshing tests, this method offers a promising approach for quickly and
relatively accurately assessing bending fatigue performance in uenced by different

production and processing parameters.

1.1.3 Bending Fatigue Performance Improvement Methods

1.1.3.1 Material Selection

The bending fatigue performance of gears is affected by the type of alloy used. Al-
though alloys like AISI 4340 generally suf ce for various uses, more demanding
applications necessitate alloys with enhanced bending fatigue resistance. Lisle et al.
[39] investigated the bending fatigue strength of different aerospace quality alloys by
performing STBF tests on gears. The results show the best endurance limit during
bending fatigue load exposure for M50NIL, which is a high-hardness nitriding steel
used for bearing applications, followed by Ferrium C61, Pyrowear-53 and Ferrium
C64 (Figure 1.10). Although in nite life is the desired design strategy for aerospace
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Figure 1.10: Comparison of bending fatigue performance of different aerospace qual-
ity steel gears at room temperature, obtained via STBF tests [39]. Note: Lesco 53 is

an alternative name used for Pyrowear 53.

gears, the study also shows that the alloys perform differently at lower cycles. No-
tably, while Ferrium C64 and Pyrowear 53 have similar endurance limits at ambient
conditions, Pyrowear 53 outperforms in limited life.

Cleanliness of the material, indicated by the presence of inclusions in the material,
is another crucial factor affecting the bending fatigue performance in gears. It is
established that alloys with fewer inclusions tend to demonstrate superior fatigue per-
formance. According to Fagerlund and Kamjou [40], a specimen manufactured from
an alloy with an average inclusion size of about 1100 pum displays a fatigue life at 550
MPa. In contrast, a specimen from the identical alloy but featuring an inclusion size
below 200 pum exhibits an endurance limit of 900 MPa after rotating bending fatigue

testing.

1.1.3.2 Improvement in the Tooth Geometry

Due to its loading nature, bending fatigue failures usually initiate at the root llet of

the tooth gear. Gears with an optimized root llet design, such as larger and smoother
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llets, improve the bending fatigue performance due to the reduced stress concentra-
tion. In particular, the stress concentration decreases when the module of the gear is

increased, leading to an improvement in the bending fatigue performance [41, 42].

Methods that reduce the surface roughness of a gear, such as super nishing, are alter-
native methods to improve the bending fatigue life by minimizing the crack initiation
sites. The ndings of Krantz et al. [43] estimate an improvement of four times in the

fatigue life of gears when the teeth are super nished.

Figure 1.11: FEA results of the change in the stress distribution on root llet after

drilling of relief holes [44].

Hamzah and Merza [44] presented a novel approach by investigating the impact of
strategically placed relief holes on gear tooth surfaces (see Figure 1.11). FEA results
revealed that such intentional positioning of relief holes can modify the stress distri-
bution within the root llet, yielding a potential reduction in stress concentration of up

to 25%. This reduction is proposed to enhance the bending fatigue life, as concluded

from their ndings.

Tight tolerances between the pairing gears is also an important parameter not to in-

crease the bending fatigue durability of the gears due to uneven load distributions.
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1.1.3.3 Surface Improvement Methods

In general, compressive residual stress (CRS) created on the surface of a gear tooth in-
creases the bending fatigue strength of the gear by lowering the magnitude of the com-

bined stress created on the root by the meshing gear during service. Consequently,
processes that introduce CRS to the steel, such as carburizing, nitriding, shot peening

and hard turning, increase the bending fatigue strength of the part.

Figure 1.12: The bending fatigue performance of shot peened specimens from [45],

summarized by [46].

By introducing CRS, the process of carburizing enhances the fatigue life of steel com-
ponents by altering the failure mechanism from surface to internal, primarily causing
crack initiation at the case-core junction, often at a non-metallic inclusion [47]. In
agreement, the results of [45], summarized by Fuchs et al. [46] in Figure 1.12 show
that the shot-peened gears show a shift in the crack initiation tendency from surface

to sub-surface. Bretl et al. [45] also give the residual stress distribution comparison
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for this material (16MnCr5) in peened and non-peened conditions as given in Figure
1.13.

Figure 1.13: Residual stress distribution on 16MnCr5 alloy steel gears in shot-peened

and unpeened condition [45].

Following case carburizing, quenching process also introduces CRS to the part sur-
face by the combined results of the thermal gradient and phase transformation on the
outer surfaces. Upon cooling, the outer surface that cools down faster by the contact
to the quenching media. As a result of the thermal gradient, the core transforms to
the martensite phase earlier than the surface and creates CRS at the surface. This sur-
face layer with signi cant CRS improves the bending and contact fatigue resistance

in gears.

1.1.4 Retained Austenite Phase

Retained austenite (RA) is an energetically unstable phase in high-carbon steels. As
the carbon content and alloying elements in steel increase, they decrease the temper-
ature needed to fully transform to the martensite phase. Consequently, when the steel
has high levels of carbon and alloying elements, lower temperatures are required for

all the austenite phase to transform to martensite. Nlhegemperature is the point
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Figure 1.14: RA distribution in case-hardened SAE 8620H steel measured via XRD.
The steel is carburized at 927°C for 5 hours, homogenized at 844°C for 1 hour,
guenched at 60°C oil and tempered at 188°C [29].

at which the entire austenite phase converts into the martensite phase, and it is fre-
guently found to be lower than room temperature if the steel has higher carbon and
alloying element content. In plain carbon steels,hetemperature decreases to be-

low room temperature when the carbon content exceeds roughly 0.40 weight percent
[48]. As a result, carburized gears often contain a portion of RA due to increased car-
bon and alloying element composition. Due to its softness compared to martensite,
the RA phase enhances ductility but decreases the material's mechanical strength.
Hardness test result data from Krauss [49], analyzed by Rothleutner [50] show that
there is a point at about 0.95 weight percent carbon where the hardness of a plain car-
bon steel starts to decrease even though the carbon content increases. This behavior

is explained by the increase in the RA phase in the steel.

In 1959, Koistinen and Marburger [51] developed an empirical model for the es-
timation of martensite start temperatutd{) and RA phase by a function of the
quenching temperatur@{) as given in Equation 1.4 and Equation 1.5, respectively.
Higher carbon or alloying element content can lowky (and consequentlyi¢),
increasing the amount of RA. Nevertheless, the application of this RA percentage

calculation method might be unreliable for advanced carburizing steels, necessitating
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a re-evaluation of its suitability.

Ms( F)=930 600(%C) 60(%Mn) 50(%Cr) 30(%Ni)
20(%Si + %Mo + %W)

(1.4)

%RA =exp [ 111 10 ?(Mg( C) To( C)) (1.5)

In carburized steels, the maximum RA is expected at the subsurface of the material.
Research by Buenneke et al. [29] on carburized SAE 8620H steels shows that the
peak concentration of the RA phase, quanti ed at 30%, was observed at a depth of
0.13 mm from the surface subjected to carburizing. The distribution of RA within

this carburized steel was as shown in Figure 1.14.

1.1.4.1 Strain Induced Martensitic Transformation from the RA Phase

During the initial phases of plastic deformation, the formation of the martensite phase
with hexagonal close-packed (HCP-M) crystal structure occurs from the face-centered
cubic (FCC) RA phase. At higher compressive stresses, this martensite phase subse-
guently transitions to a body-centered tetragonal martensite (BCT-M). Focusing on
the RA to martensite transformation, Hossain et al. [52] applied compressive stress
on high carbon steels to investigate changes in macro- and nano-properties. The re-
search found that applying a load of up to 500 MPa on the high carbon steel containing
60% RA did not lead to any alteration in the RA content. The absence of transfor-
mation before 500 MPa of load was explained by insuf cient activation energy. After
subjecting the samples to a compressive load of 3000 MPa, XRD analysis revealed
that the volume of RA was reduced to less than 10%, indicated by an increase in
martensite peak intensities and a rightward peak shift due to lattice expansion. Figure
1.14 presents the optical micrograph of the high carbon steel specimens investigated
before and after the application of a 2000 MPa load. The observation that RA volume
ceased to change beyond a speci ¢ load was explained by newly formed martensite
plates imposing compression on the remaining RA phases, thereby inhibiting any
further transformation. This study also showed that upon this stabilization of RA
to martensite transformation, high carbon steels experience approximately a 30% in-

crease in hardness with decreasing RA, as illustrated in Figure 1.16.
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Figure 1.15: Optical micrographs of an industrial grade high-carbon steel before (a)
and after (b) the application of 2000 MPa of compressive load, showing a decrease
from 60% to 15% in volume of RA upon the loading. The white areas show the RA

phase in both images, while the black areas are martensite [52].

Figure 1.16: The change in volume fraction of phases in an industrial grade high-

carbon steel with increasing compressive stress on the sample [52].
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Although having positive attributes for fatigue performance, the volumetric change

caused by the martensitic transformation poses a risk to the dimensional stability of
the parts. RA is an unstable phase that has a transformation risk to the brittle fresh
martensite phase during service and must be minimized to avoid catastrophic failure.
Due to this concern, in most applications, the RA content is controlled to be less than

10% [53] to avoid mechanical instability and failure risk.

The transformation of RA in steel into the martensite phase is accompanied by an
overall volume expansion of 5% to 8%, as a result of the change in the atomic struc-
ture. This volume expansion helps to create CRS in the steel and increase the fatigue
resistance. In addition to the creation of CRS by RA to martensite transformation, the
RA phase also improves fatigue strength by blunting the crack tips and slowing the
crack growth [54]. However, the limited strength and instability associated with the
phase cause the volume of RA in engineering steel to be generally restricted. In the

aerospace industry, this threshold is typically set at a maximum of 20% [55].

1.1.4.2 Control of the Retained Austenite Phase

The most widely adopted practice to transform the RA in a steel is sub-zero heat
treatment. Sub-zero heat treatment, also referred to as cryogenic treatment, involves
cooling parts down to temperatures that allow a greater proportion of the RA phase
to reach the martensite- nish temperature in the CCT diagram. This method is fre-
guently employed for reducing the RA phase in steel components. Based on the
simulation outcomes of Li and Freborg [56], the sub-zero heat treatment of Pyrowear
53 alloy steel can reduce the RA percentage from 25% to below 3%. As a result of the
new martensite formation, an additional increase in the CRS is created on the surface
of the part, positively impacting fatigue resistance. In Pyrowear 53 steel, sub-zero
treatment is performed at least at -75 °C, and there is minimal change in the nal

hardness of the steel if this temperature is further decreased [55].

In addition to sub-zero heat treatment, tempering is also known to have a decreasing
effect on RA phase by allowing transformation of RA to the bainite phase at higher
temperatures. In their research, Haiko et al. [57] demonstrated that at tempering

temperatures exceeding 300°C, the RA phase disappears in a high-strength material.
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In a similar study, Y Id r m [58] demonstrated that tempering low carbon steel AlSI
9310 at 300°C reduces the RA content to less than 1% by weight, compared to over
13% prior to the tempering process. For the same material that was tempered at
150°C, the RA percentage reduction was measured to be merely 2%, attributed to the
precipitation of'-carbides. Austenite cooling and high pressure treatments are other

methods adopted in the industry for RA to martensite transformation.

1.1.5 Fatigue Performance of Pyrowear 53 Alloy Steel Gears

Produced by Carpenter® Technology Co. Pyrowear 53 (X-53) with the properties in
conform with the Aerospace Material Speci cation AMS 6308 is a carburizing steel
with high alloy content. The material is engineered for shafts and gears to function
under challenging conditions and relatively high temperatures with limited lubrica-
tion. The chemical composition of the steel, imposed by the speci cation, is given
in Table 1.1. The molybdenum content allows resistance to abrasion wear at high
temperatures, whereas the copper element in the chemical composition of Pyrowear
53 improves the lubrication properties of the steel [55]. Also, the high alloy content
of the steel allows easier martensite formation upon austenization and quenching pro-
cess, along with a high tendency for the untransformed austenite phase to retain in the

microstructure.

Table 1.1: Chemical composition of Pyrowear 53 alloy steel [59].

Element C Mn Si P S Cr Ni Mo Cu V

Min 0.07 0.25 0.60 - - 0.75 1.60 3.00 1.80 0.05
Max 0.13 050 1.20 0.015 0.010 125 240 3.50 230 0.15

Pyrowear 53 is primarily used as a carburizing steel. The material datasheet gives
the austenization temperature of X-53 as 913°C. The typical heat treatment route
for this material includes carburizing above 870 °C, sub-critical annealing to control
the grain size of the austenite phases, followed by hardening, sub-zero treatment, and

tempering. The ultimate tensile strength (UTS) of the material after the said processes
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is about 1200 MPa. The usual core hardness is about 35 HRC, while the hardness at
the case is above 60 HRC [55].

The Continuos Cooling Transformation (CCT) diagram of Pyrowear-53 is given in
Figure 1.17. However, this diagram is applicable to the steel core, or more precisely,
the non-carburized state of the part. After the carburizing, due to the increased carbon
amount at the surface, the surface of the part is expected to behave more differently.
In particular, as the carbon concentration rises, the phase curves will shift to the right,
and both theM andM; temperatures will decrease. In fact, the steel manufacturer
states in the technical document of this material thaMiendM; temperatures are
510°C and 357°C at the core region, these values drop to 130°C and -104°C at the
carburized case, respectively. The remarkably Mywtemperature at the carburized
case indicates that complete removal of the RA phase is challenging, even following
sub-zero treatment, considering that the widely accepted sub-zero treatment temper-
ature is -85°C. Consequently, it is typical for components made of X-53 to exhibit

some RA phase even after the sub-zero heat treatment.

The tendency of Pyrowear 53 to exhibit a high RA phase is not necessarily negative.
Indeed, various studies indicate that the fatigue performance of X-53 surpasses that
of comparable aerospace steel parts, although they have lower tendency for RA for-
mation. For example, Gasparini et al. [5] compared the bending fatigue performance
of the Pyrowear 53 and AISI 9310 alloy gears with an STBF test setup. The load-life
curves for the shot peened Pyrowear 53 steel gears are shown in Figure 1.18. The
test results of the shot peened gears are seen to yield a better LCF performance for
Pyrowear 53 gears, whereas the improvement in HCF performance is slight, with a
fatigue limit of 40,281 N for AISI 9310 gears to 40,819 N for its Pyrowear 53 coun-
terparts. The same study reports the bending fatigue endurance limit of shot peened
Pyrowear 53 steel gears as 1,414 MPa. In agreement, Lisle et al. [39] obtains this

value as about 1,300 MPa, as shown in Figure 1.10 for unpeed gears of this material.
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Figure 1.17: CCT Diagram of Pyrowear-53 at non-carburized state [60]

Figure 1.18: STBF test results of shot peened VIM-VAR Pyrowear 53 steel gears,
with two different curve tting methods, namely GEAR 5 and GEAR 6 [5].
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Likewise, Ferguson and Li [61], compared the simulation results for phase transfor-
mation and RS formation upon heat treatment in AlSI 9310 and Pyrowear 53 steel
gears. Although both gears were simulated with the same heat treatment routes, the
RA fractions were predicted to reach up to 9% for AISI 9310, and to 16% for Py-
rowear 53 after oil quenching. The simulation results also showed that 40% higher
compressive RS is achieved in Pyrowear 53 gears at tooth root llets, which can be

associated with a better fatigue performance in cyclic bending loading.

1.2 Literature Review

Since the rst quantitative determination of RA in heat treated steels back in 1931
[62], the relationship between the RA content and the performance of the parts has
been a critical issue for gear design. Consequently, there exist many research works
in the literature that are dedicated to identifying the best RA content suited for par-
ticular uses. Still, when similar works on the issue are investigated, the studies are
found to contradict each other fully, or partially. Results of some of these studies
clearly indicate an increase in fatigue performance with the increasing RA content
[31, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74], whereas some [75, 76, 77, 78, 79]
de ne RA as a harmful phase for the life of the part. This contradiction mainly arises
from the fact that although RA has the potential to improve the fatigue performance
through several mechanisms, such as increased ductility and crack propagation retar-
dation [80], it is also an unstable phase at room temperature and has the potential to

transform to fresh martensite during service, which is a brittle phase.

This inconsistency in the literature could also be explained by the fact that different
studies investigate various types of steel parts under not only bending fatigue but also
other fatigue modes across both high-cycle and low-cycle fatigue performance. For
instance, some studies [31, 64, 81] agree on the bene cial impact of RA on LCF
life, with little to no effect on HCF performance. In an earlier study in 1987, Krauss
[82] stated that LCF performance of medium and high carbon steels is directly re-
lated to the RA content. It was reported that higher RA vyields in delayed fatigue
crack initiation. Contradictorily, test results by Hu et al. [83], however, show that

crack propagation in LCF is faster when RA content is higher. This suggests that the
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contradictions in the literature cannot be attributed solely to stress levels.

If a similar literature survey were conducted on the relationship between the RA phase
and fatigue performance under a speci c fatigue mode, bending fatigue, some studies
[65] can be seen to suggest better endurance at higher RA content. However, others
[84, 85] argue that the bending fatigue life remains roughly the same, regardless of
the RA phase. Kula et al. [76], on the other hand, suggest that an excessive increase
in the percentage of surface RA lowers the bending fatigue strength, especially HCF
strength, since it results in reduced hardness. This contradiction in the literature on
the issue shows the need for the speci c investigation of the RA effect at both low and
high cycle stress levels for each fatigue mode to be conducted before the gear design

takes place for the steel type in question.

To speci cally identify the optimal RA content in 20MnCr5 alloy gears, Karthikeyan

et al. [66] performed a comparative analysis of bending and contact fatigue behaviors
using a durability test setup by changing the hardening heat treatment and quenching
temperatures. Measurements indicated that an increase in the RA content resulted in
a lower case hardness and a higher compressive RS at the tooth root radius. Fatigue
tests revealed that gears with 18-24% RA exhibited a two-fold improvement in fatigue
life, while gears with 5- 12% RA tended to fail through bending fatigue, and those

with more than 30% RA suffered severe pitting on the teeth anks.

The positive effect of RA on fatigue life is supported by Kratzer et al. [67]. In their
study, the performance of 18CrNiMo7-6 alloy steel gears was investigated, showing a
reduction in bending fatigue strength in the case of a lowered RA content, despite an
increase in surface hardness. Focusing on the changes upon bending fatigue loading
on the same material, Yan et al. [86] showed that RA value of 23% before the bending
test in carburized and shot-peened gears decreased to 19% if failure occurred, and to
16% in the case of run-out, as a result of stress induced transformation to martensite.
Although it increases the fatigue resistance, the ndings of Morris et al. [87] suggest
that only a small portion of RA takes role in CRS formation. This indicates that there
should be a limit RA to be increased to for the most optimum performance, without

the drawbacks of the unstable phase.

Earlier in 1985, a study by Dong et al. [69] likewise revealed an increase in contact fa-
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tigue performance of 18Cr2Ni4WA steel specimens and explained this improvement
by creation of CRS after martensitic transformation of RA. Besides CRS generation,
Transmission Electron Microscopy (TEM) examinations showed that the RA phase
led to carbide formation as a result of the fatigue wear, resulting in a precipitation

hardening effect on the steel, improving the contact fatigue performance of the spec-

imen.

The effects of RA to martensite transformation and redistribution of compressive RS
upon loading were further investigated by Jeddi and Lieurade [68]. It was observed
with a four-point test campaign of vacuum carburized 14NiCr11 steels that the change
in the RS distribution in the structure upon loading causes increased surface hardness
values, which is an indicator of overall strengthening of the material [60]. The surface
hardness was measured to increase by 62% and 78%, where the initial RA values were
25% and 41%, respectively, indicating that higher hardness values are reached when
there are higher RA to martensite transformation ratios. Test results showed that
with more transformed RA, the more stabilized the compressive RS became, and the
greater the fatigue strength was. Additionally, it was observed that the transformation

of RA is completed in the early stages of the cyclic loading.

Figure 1.19: Bending fatigue in 17CrNiMo6 gears indicating the effect of RA [31].

Furthermore, Abudaia [31] studied the relationship between RA content and both con-
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tact and bending fatigue behaviors of 17CrNiMo6 gears, using a back-to-back contact
test and a STBF test scheme, respectively. Although the recommended RA content
of 17CrNiMo6 steel is limited to 15% by the material speci cation, the RA values of
the gears tested ranged from 40 to 60%. RA and RS measurements were indicative
of stress-induced martensite transformation, which was observed to be con ned to a
small depth from the surface. The change in RA content upon fatigue testing was
observed to reach a 44% decrease. In terms of bending fatigue strength, no detri-
mental effect of high RA content was observed ug@®cycles. In addition, a slight

improvement was seen in LCF life (Figure 1.19) compared to "normal RA" gears.

Adopting a different approach, O'Brien and Yeddu [88] evaluated the fatigue charac-
teristics of SAE 8620 alloy steel gears by modelling the simulation of phase transfor-
mations induced by heat treatment. The results of simulation show that RA transform
to martensite readily in high stress values during gear bending tests, if the sample has
high RA content, in agreement with [68], [81] and [31] on the effect of RA on fatigue
life being more apparent in LCF. Similarly, Hayama et al. [64] implemented an XRD
measurement machine onto the fatigue test setup to in-stu measure the amount of RA
transformation during the test. The results of the study indicated a notable decrease
in retained austenite (RA) content in SCM420H steel throughout the fatigue testing,
particularly during the initial cycle, with the effect being more pronounced under ten-
sile loading conditions (Figure 1.20a). Whereas the transformation is more gradual
and relatively less signi cant when the loading is compressive (Figure 1.20b). It was
also noticed that there is a threshold, below which no transformation from RA to

martensite occurs, regardless of the number of cycles.

In contrast to studies that claim that RA is bene cial for fatigue performance, Sieber
[77] conducted a series of four-bending fatigue tests and concluded that in all steel
groups tested, the longest fatigue lives are achieved when the RA level is maintained
as low as possible. It was also noted that the shot peening process increased the
fatigue performance of the specimens by reducing the RA fractions. In agreement
with [77], Medlin et al. [78] observed that high RA content decreases the fatigue
strength of SAE 4340 alloy steel. Among RA values ranging from 18% to 28%, larger
compressive RS values were obtained at the surface in specimens with lower RA, and

the cantilever beam bending fatigue tests of the low RA specimens yielded higher
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endurance limits. Other research [89, 90] suggested that while RA offers advantages

to a certain extent, it must be limited to avoid the detrimental effects.

(a) Tensile loading (0 to 1000 MPa).

(b) Compressive loading (0 to -1000 MPa).

Figure 1.20: RA transformation behavior of SCM420H steel specimens, in-stu mea-

sured from the surface during fatigue tests [64].

Noting the uncertainty in the literature on the effects of RA on fatigue life, Chen

et al. [91] compared the fatigue properties of case carburized 16CrMnH gear steels
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austenitized at temperatures varying from 820°C to 900°C, via rotating bending tests.
Although RA of samples were measured to be in the range of 18-30%, the variation
in hardness and effective case depth (ECD) of samples were noticed to be negligible.
At the end of the fatigue tests, no relationship was observed between austenization
temperature and fatigue life, with the endurance limits of samples yielding similar

values, despite the differing RA contents.

The contradicting observations concerning the in uence of the RA phase on fatigue
performance can be explained by three factors: material differences, fatigue mode
(bending or surface fatigue), and the load range (high/low cycle). These ndings
show that the relationship between the RA content and the behavior under fatigue load
requires to be investigated case by case, arising the importance of further investigating
the phenomenon and determining the upper limit for increasing the RA phase fraction

to ef ciently bene t from the RA phase.

1.3 Motivation and Problem De nition

Fatigue performance of a steel gear is related to its metallurgical properties. In partic-
ular, RA, being an unstable phase, is expected to cause a reduction in the strength of
the material, resulting in a lower bending fatigue life; in addition to potentially lead-
ing to formation of brittle, untempered martensite. On the other hand, delayed crack
initiation and growth, accompanied by better fatigue resistance are also expected in
high RA gears, due to the improved toughness, plastic deformation capability and
compressive residual stress creation potential upon martensitic transformation. The
advantages and disadvantages indicate that de ning an optimal value and an upper
limit for the RA fraction in steel gears is essential for enhancing their bending fatigue
properties. However, concerning the effect of RA on the bending fatigue performance
of gears, there is no general consensus in the literature, suggesting a need to deter-
mine the optimal RA value for speci ¢ applications of different type of gear materials.
The inconsistency found in literature underlines the need for targeted study of the RA
effect across both low and high cycle stress levels. The objective of this study was to
investigate the bending fatigue behavior of the Pyrowear 53 steel gears with increased

in RA content and to comprehend the effect of RA on the bending fatigue strength.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 Material

Pyrowear® Alloy 53 (AMS 6308) steel produced by Carpenter® Technology Co. in
normalized and tempered condition with the chemical composition given in Table 2.1
was used for the production of test gears. All test gears were produced from the same
batch of raw material. The chemical composition of the steel is within the material
limits given in Table 1.1. Produced by the VIM-VAR double melting process, the

steel exhibits improved cleanliness.

Table 2.1: Chemical composition of Pyrowear 53 steel used (wt%).

Fe C Mn Si Cr Ni Mo Cu V P S

Balance 0.11 0.36 0.85 1.04 202 328 2.19 0.09 0.003 0.002

2.2 Geometrical Properties of Test Gears

Spur gears with the main geometrical properties listed in Table 2.2 were used as test
gears. CAD model of the test gears is shown in Figure 2.1. The selected gear geom-
etry was used in previous studies [5, 25, 23] for its representative characteristics of
high performance helicopter transmission parts. In this study, the same gear geome-
try was selected, not only for applicability to high-performance transmission systems,

but also to ensure that the results are comparable to the literature. Furthermore, this

methodology assisted in estimating the initial load for the tests, as they were con-
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ducted based on the applied load value rather than stress. All test gears in this study

had the same geometrical properties.

Table 2.2: Main geometrical properties of the test gear.

Number of Teeth Module (mm) Pressure Angle (degrees)

32 3.773 22.5

Tip Diameter (mm) Pitch Diameter (mm) Root Diameter (mm)

130.0 120.7 1114

Figure 2.1: CAD model of test gears.

2.3 Test Matrix

The RA content in the gears was controlled by two parameters: Sub-zero heat treat-

ment condition and the surface carbon content of the gears. The corresponding test
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matrix is given in Table 2.3. All control parameters were expected to in uence both
the microstructure and RS by modifying the RA content. Reference samples are the
gears produced by the generic production methodology for Pyrowear 53 steel gears
with an expected carbon content of about 0.7%C at the surface. The pre-existing re-
sults of this reference group was used for the comparison. This group was expected to
yield the lowest RA content due to the lowest carbon content and the application sub-
zero treatment. The surface carbon content and sub-zero treatment conditions were
regulated for the remaining test groups: Sub-zero treatment was skipped for the gears
in Groups 2 and 3; and the carbon potential of the furnace was increased from 1.05%
to 1.15% to achieve a higher carbon content of 0.95% at the surface in Reference and
and Group 3. The measured amounts of carbon content in each group are also given
in the matrix. Itis predicted that the test gears of Group 2 will result in the highest RA
value because of their elevated carbon content and absence of sub-zero treatment. In
addition to the test gears given in Table 2.3, one another gear with the same geometry
was cut into 4 parts each before the carburizing process to perform the metallurgical
inspections. All gears were double tempered at -230 °C in the same heat treatment
batch.

Table 2.3: Test Matrix

Test Group Number of Gears Surface Carbon Content Sub-zero HT Condition

Reference Reference 0.77% -85°C
Group 1 2 0.87% -85°C
Group 2 2 0.63% Not Applied
Group 3 2 0.79% Not Applied

2.4 Production of Test Gears

A total of 7 test gears were produced for this study, in addition to the gears of Ref-
erence Group that were examined as the reference group. Of these, 6 were used to
create the test matrix shown in Table 2.3, while one was utilized as representative
samples to evaluate the heat treatment process.
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2.4.1 Heat Treatment Simulation

Prior to production of the gears, DANTPEheat treatment simulation software was
used to predict the microstructural phases and the stress condition state of the mate-
rial. The simulation was carried out on a representative single tooth section in Fig.
2.2a. This method assumes that heat treatment affects all gear teeth uniformly across
the circumference. A total of 31,097 DC3D6-type tetrahedral elements (6-node, lin-
ear heat treatment) were used for global meshing, with a higher resolution of elements
near the carburizing surfaces, as illustrated in Figure 2.2b. This approach enables a
more precise and ef cient simulation of the carburizing region. The heat treatment
simulations were repeated for each test group in Table 2.3 with the same meshed
modals. Carburizing, thermal, and stress models were solved to obtain the carbon
gradients, austenite and martensite phase distributions and stress pro les that form

during the heat treatment process.

(a) Analyzed section (b) Mesh detail on tooth

Figure 2.2: Single-tooth section of gear for heat treatment simulation.
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