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Who is Tenneco TENNECO
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Tenneco’s use of fe-safe/Rubber “TENNECO™

 Tenneco is an early adopter of fe-safe/Rubber as a tool to optimize the
design of our products and to minimize engineering risk associated with
meeting application durability requirements.

e Qur OEM customers require durability predictions during the technical
review stage prior to quoting on new business.

— Our OEM'’s expect Tenneco to be able to take block cycle test conditions

and verify that a proposed design will exceed the durability requirements
with statistical confidence.



fe-safe\Rubber material testing modules from Endurica ~7enneco

Hyperelastic Module
Simple, Planar, and Equibiaxial
tension, Mullins Effect

Core Fatigue Module
Fully Relaxing Behavior from both
nucleation and fracture
mechanical perspectives

Intrinsic Strength (>108

cycles) Module
Quantify endurance limits

Endurica

Accelerating Reliable Design

Extended Life (>10°

cycles) Module
Quantify endurance limit,
estimate aging rate of stiffness,
intrinsic and ultimate strength

Thermal Module
Quantify dissipative properties,
thermal properties, temperature

dependence

Nonrelaxing Module
Quantify Strain Crystallization,
Min and Mean Strain Effects




Hyperelastic Testing — Simple, Planar, Equalbiaxial A ENNECO™
Tensions, Bulk Modulus, & Simple Compression

Uniaxial Tension testing
being measured with a
Video Extensometer

Simple Compression
testing for correlations
between real world and
FEA modeling

Planar Tension testing for
Pure Shear analysis via
Laser Extensometer

- Volumetric Compression
testing confines
elastomeric buttons
volumetrically resulting in
Bulk Modulus

Equilbiaxial Extension
testing for measure
compression
characteristics of
elastomers




Core Fatigue Fully Relaxing & Nonrelaxing Modules ~ ~7ewweco

* Fatigue Crack Growth (FCG) testing to obtain the crack growth
rate verses the crack propagation energy elastomeric
compounds.

Advanced Vision

=% Systems are utilizedto =
capture the crack growth -
between fatigue cycles. |

MTS 832 used with NI Labview
Software Is used to control and
output data for the Fatigue Crack
Growth Analysis.

Tenneco along with an outside software
development firm created the software
package to accurately monitor and
calculate the crack growth as well as all
the pertaining physical characteristics
attributed to crack growth of a planar
tension specimen.




FCG FR - Lake/Lindley Model

Crack Growth Rate (mm/cycle)

= FCG-1-01JP146A - Tenneco - 24 Hr Precut #46, 10 Hz - FR
*  FCG-3-01JP146A - Tenneco - 24 Hr Precut #44, 10 Hz - FR

Crack Growth vs Crack Propagation Energy

FCG-2 - 01JP146A - Tenneco - 24 Hr Precut #45, 10 Hz - FR
—— Power (FCG-1 - 01JP146A - Tenneco - 24 Hr Precut #46, 10 Hz - FR)

—— Power (FCG-2 - 01JP146A - Tenneco - 24 Hr Precut #45, 10 Hz - FR) —— Power (FCG-3 - 01JP146A - Tenneco - 24 Hr Precut #44, 10 Hz - FR)
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FCG NR - Mars/Fatemi Model TENNECO

FCG NR - 54% Max Strain
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Intrinsic Strength

Chart shows results of cutting force
measurements. Value is correlated to the test
result of minimum cutting energy as a worst
case value.

Cutting energy, J/im2
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“TENNECO™

Off the shelf test instrument available through
Endurica LLC, for performing cutting force
measurements on planar tension specimen
using Snm diamond knife.

Cutting Energy Analysis - 01J_23C
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Fatigue Life Calculation: Critical Plane “TENNECO
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Summary of Material Input Deck
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* &
*Material,
*Density

1.1le-09,
*Expansion

0.0001429,
*HYPERELASTIC, ogden,n=2
0.668199767,1.57397378,2.634342322E-02,-3.41338039,9.418022463E-04
* &

name=Rubber_ 45

** BOUNDARY CONDITICNS

*x

*#* Name: BC-1-RP T

Material:  JP1464
Job Name: JP146A_2

“TENNECO

Polynomial, N =1
(Mooney-Rivlin)

Polynomial, M = 2

Ogden, N=1

Ogden, N=2

Reduced Polynomial, M = 3
(Yeoh)

Arruda-Boyce

HYPERELASTICITY - OGDEN STRAIN ENERGY FUNCTION WITH N = 2
I MU_T ALPHA T D_I
1 0.663193767 1.57337378 9.4180224692-04
3 2.634342322E-0z2 —-3.41338038 T7.72188509ZE-05

STABILITY LIMIT INFORMATION

UNIAXIAL TENSION:
UNIAXTIAL COMPRESSTON:
BIRXIAL TENSION:
BIAXTAL COMPRESSION:
PLANAR TENSION:
PLANAR COMPRESSION: STRATNS
VOLUMETRIC TENSION: VOLUME RATIOS
VOLUMETRIC COMPRESSION: STABLE FOR ALL VOLUME RATIOS

STRARINS
STRATNS
STRARINS
STRATNS
STRARINS

115% - ST, PT, EBE, & VC
85% - ST, PT, EBE, & VC

PLANAR_1

ARRUDA_BOYCE PLANAR JP146A_1
POLY_N1 PLANAR JP146a_1
POLY_N2 PLANAR JP1463_1
R_POLY_N3 PLANAR JP146A_1
OGDEN_N1 PLANAR JP146A_ 1
OGDEN_N2 PLANAR JP146A_ 1
Test Data PLANAR JP146A_1




Force(N.)

Axial Force vs. Displacement - FEA Correlation vs. Testing

“TENNECO

avg. rate:100

avg. rate:99
avg. rate:98

avg. rate:101

avg. rate:97

avg. rate:98

S Braddock FEA

= SMITH_FEA

Disp(mm.)




fe-safe/Rubber — Material Definitions “TENNECO™

Material Databases

Filter: [Nl V] <few Fiter> Q [Launch external dabbasel
Property Value i
& hyperelastic : ARRUDABOYCE SHEAR_MODULUS (MPa) Unused
&, yperesc: MOONEIRNLIN BULK MODULLS (P Unzed
& hyperelastic : MOOMEYRIVLIN C01 (MPa) Unused — [NJ _,] EE— Q
&7 hyperelastic : MOOMEYRIVLIM 10 (MPa) Unused r— ke =
& hyperelastic : NEOHOOKEAN BULK_MODULUS (MPa)  Unused p Frm— L
& hyperelastic : NEOHOOKEAN C10 (MPa) Unused & fegri o (mm) 025
47 hyperelastic : OGDEN ALFAL 1.574 & fegr:cf (mm) 1
- & fegr:FO 23977
&7 hyperelastic : OGDEN ALFA2 -341338 g
. &7 fegr:re (mmfcyc) 0048
47 hyperelastic : 0GDEN ALFA3 Unused & fegr: T0 (W/m*2) 029
& hyperelastic : OGDEM ALFA4 Unused & fegr:Te (k/m*2) 9.2
&7 hyperelastic : QGDEN ALFAS Unused 5? fegezilemptioetiilident),  Goliet
& hyperelastic : OGDEN ALFAG Unused g:gﬂ‘:}“gfj‘;&gq =
&7 hyperelastic : OGDEN D1 (1/MPa) 0009418 & fegr: fegr(T) (mm/icyd) tiinead
e d hyperelastic : OGDEM D2 (1/MPa) 7.7219e-05 &P e-cryst: Type MARSFATEMI
7 hyperelastic : 0GDEN D3 (1/MPa) Unused @ eopth 16379
. 7 e-cryst: F2 -24.807 —
& hyperelastic : OGDEM D4 (1/MPa) Unused P v 20333 |
&7 hyperelastic : QGDEN D5 (1/MPa) Unused & e-cryst: Fexp 00 i
? hyperelastic  OGDEM D6 I[l.."MPa:I Unused & ecrystix(R) 0,0.256574005, 0.338849992, 0.397762001, 0445037991, 0.4850... —
& hyperelastic: OGDEN MUL (MPa) 0.6682 Z “g’?{l": s
&7 hyperelastic: OGDEN MU2 (MPa) 0263434 & cegr: RQS (mm/sec) Unused =
5I? s=MPa, e=strain, t=deg.C, f=N, d=mm
4 " Datasets
4 2] File [I\abawork\98x¢_endurica_axial 48_20mm_caxth_penalty_s2s_refinel.odb]
I @ Step 1: LOAD CASE1 TEMPERATURE COOL DOWN
3 @ Step 2: LOAD CASE 2 EXTERMAL SWAGE & IT DRIFT
a4 @ Step 3 : Load to Peak Axial
i Increment 0 (Time 0} to Increment 99 (Time 0.777557)
= Increment 100 (Time 0.777564) to Increment 160 (Time 1)
] @ Step 4 : Return to Zero
P @ Groups
&> E Assembly




fe-safe/Rubber — Establishing Strain History “TENNECO

NE, Max

51?7 s=MPa, e=strain, t=deg.C, f=M, d=mm -

4 ,H"J Datasets
4 3 File [INabawork 980 _endurica_axial_48_20mm_caxdh_penalty_sZs_refinel .odb]
4 @ Step1: LOAD CASE1 TEMPERATURE COOL DOWN

| Analysis Settings Loading Settings

NE, tiax. In-Plane Principa

[ @ Increment 0 (Time )
@ Increment 1 (Time 0.2)
@ Increment 2 (Time 0.4)
@ Increment 3 (Time 0.7)
@ Increment 4 (Time 1)

N4

[0 Using user profile loading file E\fe-safe\f...

4 Q Settings

Step 2 : LOAD CASE 2 EXTERNAL SWAGE & IT DRIFT Q Loading is equivalent to 1 Repeats
“8) Increment 0 (Time 0) 4 |(7] Elastic-Plastic Block

@) Increment 1 (Time 0.1 4 @ Stress Dataset 25-345(2)

@ Increment 2 (Time 0.2) :
& Increment 3 (Time 0.35) £ Strain Dataset 26-346(2)

[+

[+

[+

[+

. @

[+

[+

[+

[+

[ @ Increment 4 (Time 0.575)

[ @ Increment 5 (Time 0.9125)

[ @ Increment @ (Time 1)

4 @ Step 3 : Load to Peak Axial e ———
|> )
[+

4 i
[+
[+
[+
[+

m

Increment 0 (Tirme 0) to Increment 99 (Time 0.777557) v
Increment 100 (Time 0.777564) to Increment 160 (Time 1)
Step 4 : Return to Zero

@ Increment 0 (Time )

@ Increment 1 (Time 0.05)

@ Increment 2 (Time 0.1) ‘
¥ Increment 3 (Time 0.11875) -

LEEOE0E0000808 N

00
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50
a2
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25
17
08
00
.03
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fe-safe/Rubber — Radial Summary “TENNECO™

Test Inputs Test Conditions | Termination Conditions | fe-safe/Rubber Cycles (1 mm Tear) | Cycle of Initial Rate Change | Part Rate Life vs Prediction | Bench Durability Cycles| Tear Length End of Test
Radial +/- 7,000N +/-9.5 mm 17,257 24,132 140% 28,142 14.32 mm
TENNECO
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fe-safe/Rubber — Axial Summary “TENNECO™

Test Inputs Test Conditions | Termination Conditions [ fe-safe/Rubber Cycles (1 mm Tear) | Cycle of Initial Rate Change | Part Rate Life vs Prediction | Bench Durability Cycles| Tear Length End of Test
Axial +/- 2,000N +/-22 mm 65,912 77,275 117% 83,685 17.55 mm
Axial Force vs. Displacement
: ; : :
-[— Axial Force vs. Displacement | = LOGUfe-Repeats
-
1
z
PR —
2
R S
E —
250. /
A
i -
Displacement (mm) B * ! *
Axial Test - Load Control - +/- 2000 N
Test Terminated at +/- 22 mm Travel Limits
¥
= Peak Load  + Peak Displacement
Lﬁ X
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fe-safe/Rubber — Torsional Summary “TENNECO™

Test Inputs Test Conditions | Termination Conditions | fe-safe/Rubber Cycles (1 mm Tear) | Cycle of Initial Rate Change | Part Rate Life vs Prediction | Bench Durability Cycles| Tear Length End of Test
Torsional +/- 43° 80,000 Cycles 37,668 50,000 133% 79,195 23.57 mm
Torsional
Tz ‘ r | St LOGLife-Repeats
& H ; i
’*—'—Rwrsionq{‘Moment vS. Angu!gr Rotation /
: | —t
_____ Lo
/
£
z
5 " i : : Min: 4.877
=) Elem: PART-1-1.1842
,,,,,,, - =i Node: 1871
12,]
) Angle® )
Torsional Test - Angle Control - +/- 43°
Test Terminated at 80,000 cycles
Y
= Valley Load  + Valley Displacement J
— X
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Radial/Torsional Phase Alignment “TENNECO™

0
1 A (Radial) Radial
2 Phe?se Cycle [Time Step| Amplitude Frequency S.tep 15
3 Shift (Hz) Time
4 0 360 2.786E-03 1 1.0 1.000
5 B (Torsional)
6 Phe?se Cycle [Time Step| Amplitude Frequency S.tep
7 Shift (Hz) Time
8 0 360 2.786E-03 1 1.0 1.000
9
10
11 A =Global steps
12 B =Time forA
13 F=AMP for A s
14 G=Time for B
15 L=AMP for B .
16 D & | = Repeat interval Torsional
17 E & K = Reversing Sign 15

18

=
Y=}

N NN N NNDN
D s W N L O

NN
00
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fe-safe/Rubber — Radial/Torsional Summary

“TENNECO

Force (M)

Test Inputs Test Conditions | Termination Conditions [ fe-safe/Rubber Cycles (1 mm Tear) | Cycle of Initial Rate Change | Part Rate Life vs Prediction | Bench Durability Cycles| Tear Length End of Test
Radial & Torsional | +/- 4,500N & +/- 30°| +/-7.75 mm Radial Travel 12,200 13,362 110% 21,374 19.57 mm
LOGLife-Repeats

e

TENNECO

& s, Max. Principal

1000,

1000,

-s000.

4000

(Avg: 75%)

o ot fraen)

Valley Load (N)

Radial & Torsional Test
Load Control - +/- 4500 N, Angle Control - +/-30°
Test Terminated at +/- 7.75 mm Radial Travel Limits

= Valley Load  * Valley Displacement
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Summary of Results

=~ w

Results in the table are from the 5th of 5 life test replicates.
. As testing progressed, parts were terminated earlier in order to capture the smallest crack possible.
. fe-safe/Rubber predicts the cycle count to 1 mm of crack growth.
. The failure location of all the test pieces include the fe-safe/Rubber prediction for the crack location.
. A 1 mm tear does not produce enough rate change for the durability test equipment to detect.

Radial, Axial & Torsional were modeled as half cycles, so table results are % of fe-safe/Rubber

images on previous slides.

Radial/Torsional was modeled as full cycles
Actual durability was 10-40% longer than fe-safe/Rubber predictions.

“TENNECO

Test Inputs| Radial Axial Torsional Radial & Torsional
Test Conditions| +/- 7,000N | +/- 2,000N +/-43° +/- 4,500N & +/- 30°
Termination Conditions|+/- 9.5 mm| +/-22 mm | 80,000 Cycles| +/-7.75 mm Radial Travel
fe-safe/Rubber Cycles (1 mm Tear)| 17,257 65,912 37,668 12,162
Cycle of Initial Rate Change| 24,132 77,275 50,000 13,362
Part Rate Life vs Prediction| 140% 117% 133% 110%
Bench Durability Cycles| 28,142 83,685 79,195 21,374
Tear Length End of Test| 14.32mm | 17.55mm | 23.57 mm 19.57 mm




“TENNECO™

Questions



