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Introduction

= Objective: Development of an accurate method to predict gear root bending fatigue life over a wide
range of loading conditions in differential gear applications.

= Approach:

— Material testing and development of hardness dependent material models representing conditions in
case-carburized and other heat treatment conditions.

— Development of fatigue models which distinguish crack initiation at case versus core over a wide range
of load conditions.

— Correlation of FE model and differential gear fatigue life predictions with a specialized rig test.
— Confirmation of method and FE modeling by correlation with full axle tests.
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Overview: Process for method development

Material specimen level

Tensile and fatigue

the material behavior

tests to characterize i—f)

Material definition Correlation with full axle tests
System level
Material modelling, Boundary conditions coming D SGREEEEEETEEEEEEEEES .

recalculation of tests,
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Case carburized material behavior (inhomogeneous)

= Case carburizing is a heat treatment process used for gears and other applications where a very hard
surface and a high strength case is required (while leaving a softer core).

= The process involves exposure at elevated temperature in atmosphere with high carbon content.

= This produces phase transformations with distinct differences in material behavior between case and core,
producing a high gradient of hardness vs depth and residual stresses.

Results shown from simulations of heat treatment process for material test specimens using Dante

Carbon content Hardness Residual stress (smooth and notched)
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Material test program

= An extensive material test program has been completed to characterize the material behavior with the
goal to provide accurate fatigue life predictions accounting for the gradients in material behavior.

» Detailed FE models have been setup to simulate the tested conditions and characterize material behavior
for all tested conditions.

Test condition Test specimens Case-carburized | Through-carburized | Through-hardened

Monotonic tension

Tension-compression e U
(strain control & load control) g

4-point bending
(displacement & load control)

4-point bending notched
(displacement & load control)

LKL

Pulsating tension a0 L
(strain control & load control) '
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Fatigue tests with different heat treatment conditions
Case carburized fracture initiations at case versus core

Comparison of fatigue S-N behavior with different heat treatment conditions:
(Nominal stress = Force / Area)

Tension-Compression Specimen Tests

Case carburized specimen cracks initiate

in case at low - intermediate lives
§ through:carburized
%
E
p
§ through-hardened
E (core hardness)
£ Case carburized specimen
5 cracks initiate in core at

intermediate - long lives
1.E402 1.E403 1.E404 1.E405 1.E406 1.E407
Cycles, Nf

Inhomogeneous properties for case-carburized condition results in different
fracture initiation locations: case versus core (also influenced by inclusions).
For notch tests (not shown here), crack origins are in case (at or near surface).
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Material modeling workflow teril model
To characterize elastic-plastic and fatigue life behavior

Material models
in FEMFAT

Direct modeling and calibration workflow to develop material models

2
DS simuLiAa

Direct modeling Base parameter |:> Linear elastic material ABAOUS -

estimation |:> Lin. elastic-plastic u

(isotropic hardening)

Experimental —> Fitting of cyclic stress- —> Fitting of kinematic > | elastic-plastic material
data strain eq. hardening (kinematic hardening)

T

Data reduction/
omission if needed Fitting of stress-life eq. | > Calibration
FEMFAT

T

Calibration of stress life eq. ng Excel
and stress gradient param.

|—|__> S-N curve together
with influence factors

Example: FE model tension-compression specimen

Gauge length

JAN

77777

o AN JAN AXISYMM.
BC: (2%
Force or displacement(*) from test
(*) displacement aligned to achieve measurement at gauge length for displacement control tests

’—v
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Case carburized material modeling
Approach to simulate varying strength behavior

Hardness

Multi-layer modeling of varying hardness by depth

FE model set up with different layers with properties at different

hardness aligned with measured hardness profile

Simulation of test samples by FE analysis with multi-layer
elastic-plastic material models with kinematic hardening (hardness

dependent models) of all specimen loading conditions.

Hardness profile used in FE for recalculation of material specimens

)

' | . * . ' 4 ¢ - '

Distance from surface [mm]

Stress

Multi-layer material model

Case (as measured for 62HRC)

+ Interpolated behavior

2
PS5 siMmuLIA

ABAQUS

Core (as measured for 44HRC)

Hardness dependent Stress - Strain behavior
(kinematic hardening)

HRC 28

P HRC 28-pred.
——HRC 44-pred.

all black lines = prediction 2 e —
all other colors = Element measurement

- ——HRC 45-pred.
- P —HRC46

) — —HRC 46-pred.
A —HRC 47-pred.
A P e HRC 48-pred.
....... ——HRC 49-pred.
----- HRC 50-pred.
——HRC 51-pred.
— — —HRC 52-pred.
Y —HRC 53-pred.
= = -+ = HRC54-pred.
V52 ——HRC 55-pred.
7 — —HRC 56-pred.
——HRC 57-pred.
— - =HRC 58-pred.
——HRC 59-pred.
— -+ HRC 60-pred.
——HRC 61-pred.
——HRC 62

———

Total strain [-]
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Material specimen FE calculation
Example: tension-compression specimen

Layers in FE mesh with different
hardness shown by color

Axis-symmetric FE model shown: . _ } Case
Increasing =
hardness

./ JAN AN JAN JAN '7'<]§ - Core

a 7777 777 S 7777z o

(n'd (a4

Specimen centerline
Uniform section stress is generally expected under this test condition:
Nominal stress = Force / Area o

However, inhomogeneous material strength results in non-uniform g
stresses through the section. ©
Reason = variation of plastic deformations due to non-uniform strength.

PEEQ
{Avg: 75%)

0.041 . . .
0% Plastic strains shown:

0051
0024
0.021
L. 0.018
(Avg: 75%) 0 e
1056 g0t

1050 True stresses shown:

Distance from surface [mm]
True Stresses relative to Nominal Stress

o (Tension-Compression loading)

Higher stresses in case vs core relative to
nominal stress (due to plastic deformation)

(True Stress)/(Nominal Stress)

-0

’—v

ggg _ _ : nominal
4 (kinematic hardening model at each layer) stress
650

550

450 predicted
250 R stress
150 r >

50 Cross section for stresses in chart:

Distance from surface [mm)]

surface
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Case carburized material modeling
Fracture in case vs core and calibration of S-N characteristics

= Calibration of S-N characteristics
= Plotting of predicted (FE) stresses and measured cycle numbers Nf.
= Calibration of S-N characteristics (k, Ny) based on observed fracture initiation locations (case vs core).

= Under tension-compression loading (uniform nominal stress), there are different stress levels in case versus core
at each load level due to gradients in plastic deformations.

Case Carburized Tests Example showing FE stresses in case versus core
—1 Showing measured and predicted stresses in case & core | — at an intermediate load level
Tension-Compression Specimen Tests True Stresses relative to Nominal Stress
5 (Tension-Compression loading)
£ Higher stresses in case vs core relative to
N FEMFAT S-N fit Case £ nominal stress (due to plastic deformations)
~ wv)
~ —
3 e predicted case stresses _E
= (fracture in case) £ -
s - S nominal
< \A\ S IYY S stress
a N @
g 5 am B~ predicted core stresses g
wv . N
(fracture in core) E predlcted
= stress

direct measurement
(nominal stresses) & &

FEMFAT S-N fit Core =TT

Distance from surface [mm)]
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 surface

Cycles, Nf
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Case carburized material modeling
Calibration of stress gradient characteristics

Multi-layer material model

Case (as measured for 62HRC)

= Calibration of stress gradient characteristics

+ Interpolated behavior >
25 simuLia

- Plotting of predicted (FE) stresses and measured cycle numbers Nf. Core (as measured for 44HRC) ABAQUS
—

- Manual calibration of v, IFK2, IFK3 for surface and core separately.

- Good agreement of fracture life at case vs core for all tested stress | Case (CR
gradient conditions. + Interpolated behavior |[FEMFAT
Core (adjusted
| Calibration of CASE | =
Case Carburized Specimen Tests | cCalibration of CORE |
Stress at Case (failure at case) ' - l "y ] .
|§=4-k Case Carburized Specimen Tests
fopy =1.0+ l.f-,{ | 4 pt bending - notched £ = 10~ o Stress at Core (failure at core)
NN 2
RV N £
\7‘\\7 Y E
~_ m .|
S g 4 pt bending - no notch
H
%
a

Predicted Stress Amplitudes

® L] - -~
Besogoe ~"n_¥° ¢
) L .'.C ‘at ~e- - 00 °
tension-compression do——w -0
NM tension-compression . ° wiin
Cycles, Nf Cycles, Nf
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Summary of established material models

Multi-layer material model

Case (as measured for 62HRC)

» Established material models cover a wide range of heat + Interpolated behavior y——
treatment conditions. Core (as measured for 44HRC) | RBAQUS

/-

= S-N curves and stress gradient parameters correlate well to a
wide range of stress conditions. §

+ Interpolated behavior

= This approach has been used for the next phase of work: o [EENVIEAE
correlation with differential gear fatigue tests. s

Stress-life curves at varying hardness and heat treatment conditions

Stress - Strain
(kinematic hardening)

, _ — Haigh Diagram
Stress-life curves at varying hardness conditions R .
all black lines = prediction (FE stress calculation) (mean stress influence at varying hardneSS)

all solid colored lines = based on measurement and nominal stresses

HRC 28
- HRC 28-pred

all black lines = prediction e -
all other colors = Element measurement

/'/./ - ——HRC 44-pred.

—— HRC 45-pred. Through-carburized (case hardness)
——HRC 46

— —HRC 46-pred
——HRC 47-pred
«eee HRC 48-pred
——HRC 49-pred.
----- HRC 50-pred.
—— HRC 51-pred.
~ = ~HRC 52-pred
——HRC 53-pred
== HRC54-pred
——HRC 55-pred
— —HRC 56-pred.
——HRC 57-pred.
— - -HRC 58-pred Through-hardened (core hardness)
——HRC 59-pred
— -+ HRC 60-pred
——HRC 61-pred

——HRC62 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
NF [-] Mean Stress [MPa]

Case-carburized
(nominal G)

Stress

Predicted Stress Amplitude

Stress Amplitude [MPa]

Case-carburized (core hardness)

Total strain [-]
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= Overview of differential gear FE model
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Global model: test rig differential

Elastic material Rotating roller Load and
properties bearing model Boundary
conditions

B

Rotating gears
with sliding contact

A

Diff gear root\
fatigue life

Overview of Workflow: Global model and sub-model

Sub-model:

critical gear roots

Displacement

FEMFAT
(critical root

selection) )

Fatigue properties

> boundary
conditions

Multi-layer
detail mesh ‘

!

Elastic-plastic
material properties
(vary with hardness)

Fatigue properties
(vary with hardness)

)

v Idle side gear

\ Pinion gear

Rotating side gear

|

-

\ 4

Diff gear root
fatigue life
FEMFAT
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(Avg: 75%)

I I Sub-model
Animations ,_
Showing stress and deformations

Global model

p Ti o
Primary Var: S, Max. Principal (Abs)
Deformed Var: U Deformation Scale Factor: +1e+00

Sub-model
Pinion gear deformations relative to local coord system

S, Max. Principal (Abs)
(Avg: 75%)

Public
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= Diff gear root fatigue life correlation with specialized rig testing
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Specialized differential rig test configuration

1
Output Dyno (load)
Differential Test Box g/

Torque Flange

Torque Flange |
o de ShaftRight
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Differential gear FE model for specialized rig test

The rig test utilizes a specialized differential case which is stiffened and isolates failures to the gears.

Bolt preloads, contact clearances, and contact interferences are considered within the differential.

Preload and stiffness of tapered roller bearings are represented.

Shim thickness, tolerances, & friction aligned with test.

Stiffened differential case

Separate simulation carried out at each tested torque level.

Input: Torque
T: constant (at tested level)

Output: angular rotations
0,: constrained (fixed)
92: incrementally increasing (in time)
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Correlation with fatigue life on differential rig test

Scale: Log(Nf)
/

Note: high damage areas on flanks are not assessed
(only root areas assessed)

CAE Correlation with Diff Rig

O

= :
= (@)
]
g_ ..........
s 1 1 1t vttt 10T @ e
IS}
@
L]
g @ CAE min life prediction
i:.Ec O  Testsample fracture

=== B50 life to fracture

= Regression test life
1000 10000 100000

Pinion Gear Revolutions to Failure

Excellent correlation shown for gear root
bending fatigue life with 10 test samples at
varying load level from differential rig test.

/ 25

Load level 4

N228378
272,561
MS§=-83
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S§G=1.427
| v 3 4
4 \!
\
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Diff gear root fatigue life correlation with full axle test
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Example full axle test configuration




Differential gear FE model for full axle test

= Similar modeling approach is used as previously described.

Differential assembly FEA model

= Model is updated, representing customer differential case.
= Rotating roller bearing model is refined for stiffness.

= Ring gear loading is revised:

— Considering deflections in axle assembly:

Load line
of action

Ha
A

= Same sub-modeling approach is used, based on critical gears
identified in global model fatigue calculation.
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Example correlation with differential full axle test

B50 Test Results: 21,936 pinion revs CAE: 22,281 pinion revs Scale: Log(Nf)
Sample 1 Sample 2

. Log101/Dam
Note: high damage areas on flanks are not assessed ° 20.00

700
(only root areas assessed) o8

6.50
6.25
6.00
5.75

N2336799
Nf=519,170 | |
- IMS=129 [ s b N2398056
~ |SA=1088 | @ ALk Nf=551,341
SG=1.422 I M AR \iivs—-115

' " SA=1076

SG=1.502

N2224052
Nf=27,962
MS—-484
SA-1629 B
SG-1.345 N2284667 N2285309
Nf=27,891 S Nf=32 123
MS—-522 MS 499
:&7029_4047_05_60_932_8UB_IE SA=1 628 d SA:" 591
btep: FEMFAT Results - 1. Aun, FEMFATH =z
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Content

Summary

Michael Delack | MTI Design Analysis | 10 May 2023 |



Summary

= Case-carburizing produces an inhomogeneous behavior with distinct differences between case and core.

» Established material models characterize the hardness dependent strength for case carburized material
test specimens and gears.

= Fatigue models calibrated in FEMFAT correlate with a wide range of stress and stress gradient conditions.
= The established fatigue models can distinguish fracture initiation and fatigue life between case and core.

= Also, a simulation method for FE modeling of differential gears has been established which correctly
characterizes rolling contact and transient stresses occurring within the gears.

= The simulation method has been well correlated with a specialized rig test for differential gears
(regarding contact patterns and strain) and shows excellent correlation with fatigue life over a wide range
of load conditions.

= The simulation method also has been confirmed by fatigue life correlation with full axle tests.
= Similar simulation methods also can be used for:

— Helical and hypoid gears

— Differential case fatigue life

— Development of e-axles as well as conventional drivelines
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