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1. Introduction

Loading and failure modes in gears Most common fatigue failure modes in gears : rolling-contact fatigue and tooth
root bending fatigue [ASM Handbook Vol. 11]
VHCF (107 cycles in a few hours)

Stress is concentrated close to the surface 2 ThermoChemical treatments are
applied to enhance mechanical properties

TC create a carbon (carburizing) or nitrogen (nitriding) concentration gradient
between the surface and the core material

Microstructure/hardness gradient and residual stresses enhance wear
resistance and fatigue strength

a N\ A t
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1. Introduction

Literature data

1. Various fatigue tests (Single tooth Bending Fatigue on
gears, Rotating bending, push/pull loading, plane bending)
- different crack initiation mechanisms

6, [MPa]

2. Strong effect of steel/Thermochemical
3. Very few studies N > 10’

Scientific challenges

1. Be reprentative of in service cracking mechanisms and fatigue

strength

2. Characterize Fatigue crack initiation and growth mechanisms

» Steel/TC: Hardness, residual stresses, microstructure
* Stress gradient due to loading

3. Fatigue life prediction for case hardened steels
* scatter

9 — Fatigue of case hardened steels — 60 years RUMUL
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1. Introduction

Scientific approach

= Experimental investigation

— Fatigue strength
* 3 carburized steels (16NiCrMo13, M50Nil, Ferrium C64)

* 10% to 10° cycles

* STBF and bending notched specimen
— Damage mechanisms

* Initiation

* Growth kinetic

* Modelling approach
— Probabilistic approach to model the S-N curves
* Explain macroscopic response From crack initiation and growth

mechanisms

10 - Fatigue of case hardened steels — 60 years RUMUL
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Presentation outline

1. Introduction

2. Experimental conditions : STBF and Plane bending for
carburized 16NiCrMo13

3. Fatigue strength and crack initiation mechanisms
4. Crack growth and Bimodal fatigue behaviour

5. Conclusion et perspectives
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2. Material and experimental conditions

Wt% v ¢ N Gr o Mo Mo

Carburized 16NiCrMo13 steel

Min. Base 0,12 3,00 090 030 015

Max. Base 0,17 350 1,15 060 030

0,35

0,15

0,35 0,05 0,015 0,005

Time to achieve Tempering
1mm depth Hardness oy (core) Oyrs (core) temp. .
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< 5h Core : ~ 400 HV 1050 MPa 1350 MPa 200 °C 1001
&
. . . 2200 -
Low pressure carburizing with Carburizing .
C3H8 in ALD furnace at 920 ® 300 -
°C followed by gas quenching 2 . DU
. £ Qenching CryogenicT ~ Stress Relief RERC
, cryogenic treatment, and = : —400 . .
: & Lo annealing 0.0 0.5 1.0 15
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L N\ Depth (mm)
=00
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:! 700 4 -
E CHD = 0.75 mm CHD = 0.72 mm
GO0 b
500 b
400 T T T T
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10 pm 20 pn

Martensite + retained Austenite (~ 6-8 % at surface) Depth (mm)
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2. Material and experimental conditions

Specimens and test set-ups

= Gear tooth root = Specimen notch == |4 (%)l

- : 10 1.0
Gears specimens Notched specimens
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2. Material and experimental conditions

Specimens and test set-ups

Single Tooth
Bending Fatigue
(STBF)

Specific test bench
adapted to a MTS
servo-hydraulic
fatigue machine

Crack initiation criterion

Plane Bending
Fatigue (PBF)

RUMUL Cracktronic
resonant fatigue
testing machine
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Presentation outline

1. Introduction

2. Experimental conditions : STBF and Plane bending for
carburized 16NiCrMo13

3. Fatigue strength and crack initiation mechanisms
4. Crack growth and Bimodal fatigue behaviour

5. Conclusion et perspectives
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3. Fatigue strength and crack initiation mechanisms

Carburized 16NiCrMo13 - Fatigue strength
= STBF + plane bending (carburized 16NiCrMo13)

STBF strength (27) = Notched plane

bending specimen strength (38)
Huge scatter
2 populations

— Bimodal behaviour ?

— Initiation/Propagation ?

16 — Fatigue of case hardened steels — 60 years RUMUL
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3. Fatigue strength and crack initiation mechanisms

Carburized 16NiCrMo13 - Fracture surface
= STBF + plane bending (carburized 16NiCrMo13)

Final failure zone

{

N=914 273 cycles
G max=1400 MPa

max

<O Art
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3. Fatigue strength and crack initiation mechanisms

Carburized 16NiCrMo13 - Crack initiation mechanisms

= STBF + plane bending (carburized 16NiCrMo13)

. o . & STBF 72% <106 M Surface — Inte
= 3 different crack initiation mechanisms : - Surface - Tn .
. . . o) Plane bending urtace — Lrans }77% >106
= Mechanisms correlated to fatigue life [0 Intern (Fish-eye
R =0,05
1800 oo .
16004 eee ee@ ® ® o
5 ®
= wes o o
- ® e
£ 1400 omee © e o o o o® O |
< M
1200 ® ©
[ ] @
- 1000 ~Frr——rrrrr e
50 pm . 10 10° 106 107 108 10°

Number of cycles to failure
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3. Fatigue strength and crack initiation mechanisms

Things worth remembering

1. Very good correlation between the fatigue behaviours of gear
specimens and notched specimens

2. 16NiCrMo13 : Strong fatigue life variability for a given stress level
(competition between intergranular, transgranular, internal cracking
mechnisms) 10% to 10° cycles

3. 3 carburized steels (16NiCrMo13 : 65+59 tests, M50Nil : 120 tests, Ferrium C64
: 22 tests) + 2 load ratios (16NiCrMo13 R=0.1: 65 tests, R=-1: 59 tests)

—>similar bimodal response

4. Complement 1 : Effect of residual stresses ?
5. Complement 2 : Fatigue bimodal behaviour unique ?

6. Propagation phase? Bimodal modelling?

19 - Fatigue of case hardened steels — 60 years RUMUL
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Presentation outline

1. Introduction

2. Experimental conditions : STBF and Plane bending for
carburized 16NiCrMo13

3. Fatigue strength and crack initiation mechanisms
4. Crack growth and Bimodal fatigue behaviour

5. Conclusion et perspectives
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4. Crack growth and bimodal behavior

Crack aspect ratio a_[g

>

1000 pm

|| Ferrium C64 (1600MPa) Ny =20760, 2c = 490 p, a =210 pm §

[ 16NiCrMol3 (1400 MPa), Ny = 30625, 2¢ = 3817 um, a = 700 pm

21 - Fatigue of case hardened steels — 60 years RUMUL
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4. Crack growth and bimodal behavior

Eprouvette 3-64-035

Taille de fissure en surface (pm)
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4. Crack growth and bimodal behavior

Paris Law

Carburized 16NiCrMo13

o Weight functions (semi-elliptical surface cracks)

[Shen et Glinka, 1991]

o Stress gradient, Residual stresses, c/a=f(c)

4000

Z 2000 1 '
S ST
1000 - e —]
—— 1600 MPa
-—-= 1400 MPa
O L L T
0.00 125 150 1.75  2.00
x 104
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4. Crack growth and bimodal behavior

. ° . . . . — 0.6+
Fatigue life propagation distribution <
= 0.4 1
o ) 16NiCrMo13 16NiCrMol13
= Probabilistic approach [Ciavarella, 2018] 0.2 F)=esp [~ ()] 0.2 Flo) = exp [~ (£)"]
— Initial crack size distribution c; (Fréchet) 0.0 o 0.0 - ac =211, fic = 373 — 11
— Paris Law paramater C (Fréchet) ! 2 1 6 0 1 2 3
¢ (m) x10 Ie. %1010
= Fatigue life (Monte-Carlo) 1 rer _ \ /
N, == / (AK(c)) "de.
1. 100 couples C and ¢; C' Je, 2000 r r
2. Calculation of N, ’ Vo only dafta wu.th
oA \ ¢ short fatigue lives o Experimental
o e 2000\MPa ).94 1800 N |\‘ |\
; | - I\mr\ll:‘. 'l- \
$ ) s 1o . = \ Simulation
oM< 1= w0 £ 1600 - \ — Py =50%
—_ 1
- : & - e Py =10 et 90%
G N e \‘
In(N < \
. . . = 1400 A \ L
= Good correlation with experimental data S \
. . . . ! 16NiCrMol3
= Population of data with short lives - crack growth 1200 4 = .40
controlled !
voe
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4. Crack growth and bimodal behavior

= Already observed for other alloys = Carburized 16NiCrMo13
”°°: S .43 SO S .2 2000 Mode A : crack growth
- Ti 6246 [Jha, 2007] A Surface nucleation | 1 Mode B : crack initiation
1050 ¢ Subsurface nucleation H
: N |- Mean behavior 1800 -
1000 = = Crack growth bounds |
£ 950 ; — 1600 -
S ] =
& 900 A Ada 3 =
o ; % 1400 - .
8sok L ; E
s ALDKO O ]
800} ] 1200 ~
- TypeI(controlled Type Il (dominated ]
750 by crack growth) by crack initiation)
Y SR 1000 1
10000 10° 10° 107 R =0.05
Cycles to failure, N¢ T T T
10* 106 10% 101

Other examples : steel SUJ2 [Sakai, 2010], superalloys René 95

Number of cycles to failure
[Cashman, 2006], aluminium alloy 2024/T3 [Marines, 2003]

Clear evidence of a bimodal behaviour

(Y Arts
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4. Crack growth and bimodal behavior

Bimodal behavior probabilistic model (weakest link)

" Main assumptions (3 distributions Pg;, Ps;, Pap|ai)

— Event A : Short life (Rapid initiation of a crack - controlled by

crack growth)

— Probability of rapid initiation depends on the maximum stress level

Py = PAiPAp|Ai

1.0 1

0.8+

067 PAl

=

0.4 4

0.2 4
®  Valeurs expérimentales

0.0 4 —— Ajustement
T T . . . :
RO0 1000 1200 1400 1600 1800 2000 2200
Tuax (MPa)

— Event B : Long life (Intiation phase predominant)

Pg = Ppg;

— Weakest link concept

Pr = P(N; < N)

Py = Pg; + [1 — Pp;|Pai Pap|ai

26 — Fatigue of case hardened steels — 60 years RUMUL

1.0 4
Pa; =05

Pa, = W(1.2,10%)
Pgy = W(0.7,5 x 107}
1

0.8 1
0.6 1

0.4 1

-

106 108 1010
N

Carburized 16NiCrMo13

Omax = 1400 MPa

Tmax — 1600 MNPa

0.6 1

0.4 4

— CDF (W)

o Expérimental

----- CDF (Log-\) i

o Expérimental
— CDF (W)
------ CDF (Log-N)

T T T
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4. Crack growth and bimodal behavior

Bimodal behavior probabilistic model

Pr = Pp; +[1— PBi]Ap|Ai

ode A = O
) —_— P =50%
trolled 7% ren
1800 - !
- 1800
& 1600 A
= 1600
]
£ 1400 >
& N—— 1400
1200 -+ 1200-—“—hﬁhﬁﬁkﬁ\\\\\\\\\,h
TN
104 105 108 107 108 109

Number of cycles to failure

|_Poisson Point Process :| P

2 Ulu\x) = i
C*

Vo™

(\p[

PA?’ (Umax) - P(nc = 1)

Pai(0max) = 1 — exp [ (Umax

A

;:}\Az} e

kai

1.0 ~
0.8 1
Pf 0.6 1
0.4 1
0.2 1

0.0 -

1800

1600

1400

UAl
1200

7

—— CDF a 1400 MPa

1 .

3 104 10

> 106 107

108

Number of cycles to failure

10?

P, governs the level of the transition (scale factor) and the scatter (shape factor) around the transition Mode A / Mode B
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4. Crack growth and bimodal behavior

2000
1800
1600

1400 1

Pf = Pg; + [1 - PBi]EIPAPIAi

Omax (MPa)

1200 A
1000 1

800
2000

Omax
PA@'(Umax) =1—exp [_ ( 1800 +

oA
= 1600 A

MPa)

~— 1400 1

Omax

" 1200 -
P,; governs the level of the transition (scale

factor) and the scatter (shape factor) around 1000 A
the transition Mode A / Mode B 800

— Py =05
mm Pyoe [0.1;0.9]

1 1 I 1 L) 1
10 106 10% 1010 10 108 108 10%°
Number of cycles to failure Number of cycles to failure
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4. Crack growth and bimodal behavior

) ) o 2000
Bimodal behavior probabilistic model _
Mode A : controlled 1800 1‘éNiCrM°13 |
l =xperimenta
by crack growt . xfpg 5 x 105
E 1600 - * * * ® N;>5x10°
Pr E|Pg;|H [1 —|Pgi|P4;P ; = .
[ Bij* Al AplA =
! pldl % 1400 A ¢ 0 *n . Model
e — Payai=05
Pyja: € [0.1:0.9]
1200 n — I)“ = 50%
* Pp,; € [0.1:0.9]
10004 5 _ 05
2000 10 108 108 1010
Number of cycles to failure
1800
16NiCrMol3
. Expérimental
7 1600 & N, <hx10°
= ® N;>5x10° . . . .
5 1400 - Pr(N.A0. Omax) = Pi(N, Ac) + Pai(0wmax) Pap|ai(N, Ac) [1 — Ppi(N, Ao)].
b: Modéle
. —_ P =05
1200 1 Py e [0.1:0.9]
Huge scatter perfectly reflected
10009 g = 0,05
10* 100 10% 10t (W Arts 1)
Number of cycles to failure LAAPA S SAFRAN NN\ & Vietiers



Presentation outline

1. Introduction

2. Experimental conditions : STBF and Plane bending for
carburized 16NiCrMo13

3. Fatigue strength and crack initiation mechanisms
4. Crack growth and Bimodal fatigue behaviour

5. Conclusion et perspectives
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5. Conclusions and perspectives

Conclusions

= HCF and VHCF of carburized steels

— STBF and Notched plane bending specimens : same fatigue strength 1600

and crack initiation mechanisms !

» Bimodal behavior

— Mode A : governed by propagation, Mode B : governed by initiation

— Ferrium C64, R=-1

— Probabilistic modelling (weakest link theory) adapted

On going work
= Carburized steel M50 Nil

¢ Essais STBF #  LEssais de flexion plane

2000

1800 A

(MPa

1400 4

]

&
1200 4

1000 1

R =10,05

800

10% 10* 10° 108 107 10% 107
Nombre de cycles

— Duplex Carburizing +Nitriding treatment : Hv > 900 : FIB Defect

= Crack growth simulation Abaqus+Zcrack
— Residual stresses, Microstructure gradient
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This the end !

There is a crack in everything

That is how the light gets in

O Arts
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