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Do T SR EUVERSITY
Project overview

Partners Timeline

« Michigan State University(MSU) (Lead) Start: January 2019
End: December 2022
 Robert Bosch LLC. Completion: 75%
e Endurica LLC.

« JDV Lightweight, LLC. (consultant)

» Composite Center@MSU (subcontract)

Barriers*

1. Lack of reliable joining
technology for dissimilar

« Dow Chemicals, Parker Lord (suppliers) materials
2. Lack of cost-effective tests for
Budget evaluation of corrosion
« DOE Share: $ 967,662 3. Lack of constitutive model

capable of predicting corrosion
« Collaborators Share: $ 474,526

e Cost Share: 32.9%

« FY 2020 DOE Share: $ 612,311 _
- « Lack of validated test protocols
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4. Predictive modeling tools

* Prediction error <10%
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Read *Light Duty Workshop Final Report and U.S. DRIVE MTT Roadmap, section 5.1.
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Collaboration and Coordination

DOE/NETL
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Funding Agency

Principal Investigator

MSU - HPM

Consultants

Collaborator

Dow Chemicals
Inc.

Parker-Lord
Chemicals Inc.
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Degradation Mechanism Modgel Experlmental_ « Cvclic Test
» Experimental o Characterization yclc
Characterization * Finite Element » Central Experimental + Vibration
Auto. Industry Dio : . :
- » Digital Data Management Implementation Database Failure
Joining Expert * Central Experimental « Software «  SEM
Database * Neural Network
. Development i i + FTIR
« Neural Network Failure P o Failure Prediction
v Prediction Model - Software Validation Engine « TEM

-Material selection
-Test design
-Error Mitigation

* Fatigue Failure

Framework

* Finite Element

Implementation and
Software Development

+ Quality Check

» Standards for
Tests

+ Uncertainty
Quantification

« Adhesives
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o ST UNYERSY
Relevance & Objectives
Overall Objectives:

*» A theoretical model to describe damage accumulation in constitutive
behavior with respect to (1) deformation, (2) vibration, (3) hydrolysis,
(4) thermo-oxidation and (5) photo-oxidation.

% A software to predict failure of cross-linked polymeric adhesives with

respect to damage accumulated by environmental and mechanical
loads with a 10% error.

Impact/Relevance to DOE

Predicting failure in adhesives of dissimilar materials is necessary to
- facilitate use of lightweight material for vehicle mass reduction

- Speed up the design of composite joints in vehicle structures for light-
weighting to address DOE 2030 targets

- reduce time/cost required for testing corrosion failure which makes the use
of lightweight materials more attractive for OEM

Improve CAE prediction capability to achieve a reliable service-life of joints
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Critical segments

Headlamps, Brake lights

Door Capping
and reflector housing

Electronics and Modules

Exterior Trim

MICHIGAN STATE UNIVERSITY

Degradation

Thermo ﬂ

Hydro 0
Hygro

uv

Structural

Brake shoes and pads
friction material
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MICHIGAN STATE UNIVERSITY

Approach & Milestones mProress T -
4

Finished
FY-2019 FY-2020 FY-2021 FY-2022
Individual Platform Recursive E . ; Framework UMAT
Development Damage Neural xperimen software
: Assembly Database Assembly :
Mechanism Network design

it | o
deformation ¥ Thermo al factor
Predict \ Software
Vibration corrosion- Validation of pre(ejdlctllobns
S ‘ Photo+ induced failure hybrid unaer fa
evelopment o Thermo weith mulii= platform on condition
a theoretical ) + 2. Effect of combined against sample
platform for Thermo- vector input Mech. mechanism in adhesives
PN oxidative parameters v
constitutive factors the lab exposed to all
modeling of I:> Photo + combination
adhesives Photo- Th:rrc?o ++ mechanisms
ro
Sridaie Y / —>
. 3. Database
Micro- to macro- scale Combletion
modeling, Central by viIE)tuaI
Hydrolysis Experimental Database ;
points « Endurica Endurica
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. MICHIGAN STATE UNIVERSITY

Completed

Milestones y—

Shifted to next year

Derivation & Validation of the quasi-static model Milestone
E o Derivation & Validation of the vibration induced damage model Milestone
E o Derivation of the Hydrolysis model Milestone
Derivation & Validation of Thermo-oxidation model with multiple adhesives Go/No-Go
Validation of Hydrolysis model with multiple adhesives Go/No-Go
Validation of the modular platform concept Milestone
Derivation of Accumulative Damage Failure Model Validation (2021) | Milestone

Finished
FY20

Derivation of photo-oxidation model with multiple adhesives | Validation (2021) | Go/No-Go

Derivation of coupled Thermo- & photo-oxidative model Validation (2021) | Milestone

Derivation of coupled Thermo-oxidative & Hydrolysis model | Validation (2021) | Milestone

.g < Training/Fitting Neural network engine Validation (2022) Milestone
o >
CC) - Hybrid platform on combined degradation Validation (2022) Milestone

Software predictions against sample adhesives exposed to all combination
mechanisms for all degradation mechanisms

o HPM !

) i Pesromussecs Any proposed future work is subject to change based on funding levels.
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MICHIGAN STATE UNIVERSITY

Approach- Modeling e J«r-

Failure Prediction and

Structural and Neural Network and
Sofiware Development

ApplicationData . Mechanical Analysis (—— Experimental Data Base (———)

e T\ 2, v ) /~ Q=1L TEd
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SV i Subnetwotk  Subnetwork
L K / w w # Neural Network / Analytical Fatigue Failure Model \
MA , ] = %‘ & Fatigue Model « /
Softening Damage ; ﬁ ; A Artificial
\ §=d¥/dF @K@ Experiments
sy g Hybrid Framework
Multi-s cale | =
Radiation Damage ~ Modeling Fail g Pass
of each . >
\, Phenomena é
Hydrolysis Nakdation /
1—- Hydrolysis Aging Ww K-
E =2 v Subnetwork  Subnetwork e %J Outdoor
o . I _. ) A .
Adhesive i S0 S=d¥/dF E 8 Experiments
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. MICHIGAN STATE UNIVERSITY

Central Experimental Database

(Pilot test)

Full Hybrid
Experimental matrix
(Exp +Virtual points)

Pilot Set of
S- ST Ex%eeléﬁents Post Pilot
1 Experimental &
Setting
Condition Range Temp
] o |
J e — 1 day — 2 years ) - r
Relative 0-80% .’ = | e ]
Humidity — P
Condition / al®
Temp. -5-200C l olale
0 30 50 85 RH
2 al@|a|®
uv 1 -2 kW/m#/nm o: Experimental Point olel®lal® ‘ o ‘@ ’ o
@:Vu“[ualPoint
Test Type \ Material ACR DC PUB | PUG Test Type \ Material ACR DC PUB | PUG
Failure 9 & 9 FTIR 100% 10/000 10900 100%
Mech. 100 | 100
h ht. Cyclic i 0 0
C e t ycli 9 9 % 9 Chteer:tlé:al. DSC 100% | o | o | 100%
Permanent Cross link
Set 0 O Q Q Density 100% 130 130 100%
& Measurement ° °
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. MICHIGAN STATE UNIVERSITY

Thermo-Oxidation Analysis
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. MICHIGAN STATE UNIVERSITY

Experiments

1. Thermal-oxidation

2. Photo-thermal oxidation (Photo + Thermal)
3. Hydrolysis (Hydro + Thermal)
4.Hygrothermal (%RH + Thermal)
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o ST GRRRUNVERSTY
Polyurethane: Temperature-jump

» Adhesive was aged at 60C to
80C and vice versa.

* Degradation due to higher
temperature.

« High temperature  causing
crosslink formation.

100 resmm————————

60°C-80°C
={=80°C-60°C 1

[ Start 10D 13D 20D 40D
80

9 ‘
S i
= Ph-2 0
] I
3 Temp-2 0
g - i
o |
= 60 {} {] -
10D
i 30D
7T T S S S
0 10 20 30 40 50
Time (days)
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Stress (MPa)

Stress (MPa)

224 60C-80C 6.0 80C80C
' g
4.8 = S 46+
| ?
o
24 » 2.3 -
— Virgin = Virgin
' ——10D-3D 10D-3D
0.0 = ——10D-10D 0.0 = —— 10D-10D
—— 10D-30D —— 10D-30D
L] ] 1 ] | - | . T - T v
0 150 300 450 0 110 220 330
Stretch (%) Stretch (%)
Specimens aged in 60C for 10-days and then aged
in 80C for 3, 10 and 30-days
80C-60C
729 goc-60C 7519
©
o
4.8 m S 50
7
o
24 = — Virgi » 25
Virgin 2 —\irgin
——10D-3D — 10D-3D
0.0 Jigo-10D —— 10D-10D
: ——10D-30D 0.0 = 10D-30D
| | | | | | | | | | | | | | ]
0 150 300 450 0 110 220 330
Stretch (%) Stretch (%)

Specimens aged in 80C for 10-days and then aged in 44
60C for 3, 10 and 30-days



. MICHIGAN STATE UNIVERSITY

Experiments

1. Thermal-oxidation

2. Photo-thermal oxidation (Photo + Thermal)
3. Hydrolysis (Hydro + Thermal)
4.Hygrothermal (%RH + Thermal)

QC
<eiee HPM 10
ﬁ?%}c% HIGH PERFORMANCE

Material Group



MICHIGAN STATE UNIVERSITY

Single condition aging

Single aging
UV Machine L mode
s e s s EEEEEEEEEEEEEEEEEE
To determine short and long-term [3)
aging effects: o 60— — 9
: | 5
= s
Intensity of 1 W/m2/nm % 40 I +
< 2
Aging periods: 1 — 270 days 20¢ I é
. |

To determine high and low L Gty 200 600
Time [hrs]

temperature effects:
Poly-Urethane

Aging Temperatures: 45- 80 C | D=60°C | T _©®=80C_
| = m Unaged e
8! & : ——i Silicon
.\@\“\& ‘< 10 days
. . g6 =" Qs =30 days
Materials break down in extended S Pt =
periods and high temperatures 2 4 R —=--Unaged A
) o 60 Days p
B ,/ ‘\\\\ ~—
2 7 & 150 Days mo 5
2 // e ——180 Days - ~l
< ¢ ——270 Days o s
0 ' ' : ; : 0 150 300 450
0 100 200 300 400 500 Strain [%]
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. MICHIGAN STATE UNIVERSITY

Temperature jump / Dual condition aging

To further investigate the effects of
Temp + Irradiation, Temperature
Jump & Dual aging was conducted

Material ages to a limit, and further
deterioration is limited.

Independent of aging period and
temperature regime.

We conclude that photo-oxidation
dominates material behavior more
than thermo.
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Poly-Urethane

Temp Jump ®=80-60°C
80‘ — = EEEEEEEREER : 8 L
£ 0 - ®
o, 60 == -l : S 6F 6.‘& ’—“"
g 5 = A -7
O = > B Pl
= = — -~
& 40 . 245 < '
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< . Z ~ 3 Days
L n L 4
20 - 2 // 10 Days
. ‘ ——30 Days
0 ) . . . LB 04 . n " "
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e s sEsEssEsEEEEEEEEEEEEE, i ' ' '
— n | —=--Unaged |
D . -
5 o o 3D
O, 6() —— — — é : _ i 10 Days
g | 5 . = 30 Days
= o = " &
eh 40+ g I = m E‘
ED 5 -+ T w
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20/ | 2 . 2
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o ST UNYERSY
Photo-Experimental Database

Full Hybrid
Experimental matrix LEGEND symbol

. (Exp +Virtual points)
Pilot Set of Completed (V]

Sinel Experiments Post Pilot
Conditi R Expelrlilli:ntal SRRLE On-going
ondition ange Setting Aging
Temp o
- 1 day — ? (] Test in-
storage 5 months o © - J progress
A a F
Relative o - ' T [ Discontinued Y
Humldlty O A) RH Condition “ @@
‘ 0 30 50 85 RH © @ @
. . 2@ @®
o vibertnenal POt o[« (@ ls |@[a 0]a PHOTO “;;aRt'g?aIID PROGRESS
\ Mech Test Type Pilot
Material Pilot Post Pilot FTIR 9
\ Mech Test DC DSC. (V)
Type 1D 10D 30D 3M 6M oM 1.5Y 2 Cross-Link )
Photo DC 'ailure (V] (V] (] (V] (V] (V] X X density
TESTS Cyclic FTIR V]
Failure
PUB T @ O o 9 O o DSC )
CYICIIC X X PUB Cross-Link )
pug Fo ure @ (V) (v X X X )( X density
Cyclic
= FTIR V]
Dual Effect PUB ) 9 9 PUG DSC X
DC v Cross-Link X
Temp Jum .
o P P pus (V) (V] (V] density
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Photo-Thermo Relaxation set

Designed and Created in-house

Material used was poly-urethane.

Test was conducted in thermo-oxidation and photo-oxidation

Greater relaxation at higher temperatures

MICHIGAN STATE UNIVERSITY

UV Irradiation counteracts relaxation caused by temperature

Thermo-oxidation

. g

Photo-oxidation

Rc

10° 10! 102 10°

Time|[hrs]
HPM
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. MICHIGAN STATE UNIVERSITY

Dual condition:
Photo —Thermo aging

Dual Condition: PUB

» Was aged for 10 days in either 60
or 80 C.in thermo-oxidative
conditions

@ =60°C

-
-
-
—
-
-

« Was then aged in the same
temperature in photo-oxidative

-
-

Stress [MPa]

—--Unaged —=--Unaged
conditions for durations 3, 10 & 30 3 Days | I s
10 Days 10 Days
dayS ——30 Days ——30 Days
0 160 200 360 460 500 0 100 200 300 400 500
: ] Strain [%] Strain [%
* Failure and cyclic tests were - . 135(]:
®=60°C ‘ o= ,
conducted. I S J -t
. . ?ODSii/s _ 10 Days
» Material degrades from higher T 6 oD | £ 6 e
- Z ’—’\/' ¥ = ¥
temperature aging mode. - ~F I,,f g i .
?3) ‘I' % ,c’
= /,
VA Hors

200 300 400 500 200 300 400 500
. 1 0,
Strain [%] Strain [%]

Specimens aged in Dual aging at 60 & 80C for 30 days

Ok, (fcp

i( s;‘; HPPM for thermo-oxidation at 0%RH for then moved to photo-
ol mrmme: oxidation for 3, 10, and 30 days. 20
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Hygrothermal / Hydrolytic Analysis
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MICHIGAN STATE UNIVERSITY

Water uptake as a damage precursor

» Hydrolytic aging

» High water uptake and swelling

 Severe damage and reduction in
crosslink density

* Linear trend with square root of time

« Hygrothermal aging

» Low moisture uptake (0.5-1%)

e Masslossa T

PU specimens
hydrolytic condition after 90 days.
Maximum swelling observed in 80C.
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Polyurethane

Hydrolytic Aging
50 50 50
(submerged)
4] @ 80°C 40 95°C
—\N et — N ot — Wet
30 — Dry 3¢ — Dry 31 — Dry
€ 20 20 20
§
[}
5 10 10 10
T e ..
@ 0 0 ey g e — O -
= 700 1400 2100 2800 700 1400 2100 2800 0 700 1400 2100 2800
10 7 Time (Sec'?) -10 Time (Sec'’?) -10] Time (Sec')
-20 4 -204 -20
-30 7 -30- -30
2.0 2.0+ . 2.0+
Hygrothermal Aging
1.5 1.5 1.5
(80%RH)
1.0 1.04 1.0
F054— — — ————— = (55 0.5 /\\
@«
2 0.0 T , 0.0 — ; . = 0.0 ; ; . ,
3 400 o ~2800 700 1400 2100 2800 == 1400 100 2800
e ° ] Time (Sec'?) -0.51 meSeoll 0 051 Time (Sec
2 -1.0- 1.0 1.0
1.5 15+ 1.5
2.0 20 80°C 0 95°C
— Wet — Wet — Wet
254 —Dry -25/ — Dry -25- —Dry

Water uptake and mass-loss



. MICHIGAN STATE UNIVERSITY

Experiments

1. Thermal-oxidation

2. Photo-thermal oxidation (Photo + Thermal)
3. Hydrolysis (Hydro + Thermal)
4.Hygrothermal (%RH + Thermal)
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Damage reversibility in hydrolytic aging

Mechanical testing in wet state vs dry state Submerged in distilled water - 10 days

Softening behavior due to plasticization | Unaged ' '

» Better mechanical properties after removing water 1.68 J=——60°C (wet) ]
. . . e . | 60°C (dry) c; & |
» Higher damage in distilled water than sea-water (salt barrier) [ 80°C (wef) L T ]
» Stress-strain behavior indicates severe chain scission during _ 112 = — 80°C(dwy) ]
= : £ 95°C (wet) o 1
hydrolytic aging = Ry 80°C ]
» Stress decreased with increase in time (t) and temperature (T) N N, i e
i.e.oa1/T, 1/t [ e ]
» Strain increases with the increasing temperature but decreases ol ]
W|th t|me . [ 1 [ | PP | 1
ie.eaT, 1/t 0 120 240 360
&(%)
Submerged in distilled water - 30 days
L i L i L i L i o L i L ' L i L ) o LT L LA (I A B A | R
A [ Unaged —_ Distilled water | 400 [ — Distilled water 30D ] [ ;J(;Lacged ’ Unaged
: - -- Sea-water ] - Sea-water u - 1.68 F c0°c E;V;)) -
138 | y 350 | - 80°C (wet) o & |
] i 1 — = 80°C (dry) :
= 30D = ~ 112 | g5ec (wen ; T -
¥ 1 X | [ o
g > S 3oL ] s — — 95°C (dry)
o 0.69 f - goec 1 © I ] © ]
\ ] [ ] 0.56 } / -
i N 95°C ] 250 E - C ] e, o
0.00 & .00 € A ! ] W S I 95°C
[ 0.5 Time (hrs) 1000 ] I | 0.00 = i
Ball o ool o aomas a o ARTEEEES T, e el ——— i—— N | R P | R S S | R S |
1 10 100 1000 1 10 100 1000 0 120 240 360
Time (hrs) Time (hrs) &(%)
O variation € variation Failure stress (o) and strain (g)
- distilled water vs sea-water distilled water vs sea-water Wet vs Dry silicone adhesive samples
q._/}‘)&‘ O
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MICHIGAN STATE UNIVERSITY

Dual-effect Aging: 0%RH to Submerged

« Aging environments:
» Thermo-oxidation (10d) to submerged (3,10,30days)
» Temperature (T) : 60C and 80C
Cross-linking (CLD) and chain scission (CS):
* Ph-1 (0%RH): T a CLD (hardening)
* Ph-2 (submerged):
« 60C : CLD dominates (hardening)
« 80C : CS dominates (softening)

0%RH to distilled water

80°C 10d 0%RH

= Unaged
= 60°C 0% RH 10d
[ ! ! ' ' © 60°C Submerged 3d
7 | 60°C Submerged 10d
6 %0 - Start 102-|.3D 2.0[) 40.D 1 ’ e 60°C Submerged 30d
O 80 m ‘ T ‘ o
o - ; ; 1 7%°30°C (submerged) AUHE 7 e
= P Phl Ph-2 : 1 ; — —280°C Submerged 3d
5 i Thermo ' ]
% E oxidation ; Hygrothermal / Hydrolytic E ] =-==-80°C Submerged 10d
S e S e ] ' 80°C Submerged 30d
3D
W
i o ] 0 150 300 450
40 ] ] | | | 8(%)
0 10 20 30 40 50

Time (days)
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MICHIGAN STATE UNIVERSITY

Dual-effect Aging:0%RH to 80%RH

« Aging environments:
» Thermo-oxidation (10d) to hygrothermal 80%RH (3,10,30days)

 Temperature (T) : 60C and 80C 0%RH to 80%RH

Cross-linking (CLD) and chain scission (CS):
* Ph-1 (0%RH): T a CLD (hardening)
« Ph-2 (80%RH):
« 60C : CLD dominates (hardening)

80°C 10d 0%RH

« 80C : CS (heat + water molecules)

= Unaged
o0 = 60°C 0% RH 10d
<1 60°C 80% RH 3d
7 _ 60°C 80% RH 10d
— [ Start 10D 13D 20D 40D 1 . 60°C 80% RH 30d
80°C 80%RH
% sof = -——a = : ° ——380°C 0% RH 10d
2 | el e i | P — —80°C 80% RH 3d
2 iiion| Hygomemal/Hydolgte | j - == 80°C 80% RH 10d
S 60 | o-0—o0 ® . . 80°C 80% RH 30d
- 10D 1
3D ]
10D )
, — | 0 150 300 450
40 | . .1 . .. ] .1 ] .. 8(%)
0 10 20 30 40 50

Time (days)

JOR
e HPM
\ T “"‘I
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. MICHIGAN STATE UNIVERSITY

Polyurethane

Hygrothermal aging: Competing sub-aging phenomenon

« Thermo-oxidation: Chain scission + Increase in
crosslink = Stress hardening + Tg increase
« Hydrolytic aging: Chain scission + reduction of S ‘ 'g
!
crosslink = Stress softening + Tg decrease v g
h
* Hypothesis: o BUN
Hygrothermal aging is a competitive environment
(") 4 ]
between two  sub-aging phenomena i.e. hydrolysis
. . . ° 9
and thermo-oxidation aging o °
| | | | 95°C 0— 0%RH | ' 80°C i | e 95°C
10 | . —0—0% F
v 30D 900 575 80%RH . < o 90D
0% RH —A-— Submerged § o135 E 10D I
5} . »on s g v 4.\.\300[)/. i
s Sl § 1 2 s —i
S 2 < 30D g 0090 | ]
S o 2| i ] e v 1D 10D <
:’m Submerged 625 F “‘\‘__._—. i =
o < A—A, 2 0045 | A—a _
Tl —8—0% RH Ty o —@—0% RH Submerged
5§ 0.0 . 80% RH - 9 o 80% RH
-440 3080 A~ Submerged 65.0 — ——A— Submerged
I ! I ] ! | | | | | 0.000 ) ) ) I I
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
QL Aging Time (hrs) Aging (hrs) Time (hrs)
Sifon -ty ress Variation g changes ross-link Density
ie P stress variat Tg ch Cross-link Densit
?}{;Q{'} ‘Eﬂj HiGH PEBFORMANCE
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Technical Accomplishments

* Moravati & Dargazany
IMECE2020 In Progress
* Morovati et al., Int. J. Plasticity
(2021)

Non-cooperating
Multi-agent model

Plasticity, 118 (2019)
* Mohammadi et al. ECCMR 2019 T
* Morovati & Dargazany, IEC 2019 achine
Khalili et al. (2019), Rubber Vel gazany

Vibration + learned
Chem. & Tech. 92(1), 51-68 ‘ \ ' Agent

* Mohammadi & Dargazany, Int J. I

Morovati & Dargazany (2019), _ ‘ thermo
SoftwareX 100229 . Bahr_ol_olouml etal., Int. J.
Morovati et al. (2019), ', Math. Plasticity 1. (2020) \ \

Experimentalist

Mech. Solids « Bahrololoumi & Dargazany IEC o
Vibration + Hydro ~ Classifier

Morovati & Dargazany (2019), 2019

Phys Rev. E. 100229

Model Free
approaches

* Wanru et al. IMECE2020
» Bahrolouloumi et al. IMECE 2020
* Bahrolouloumi et al.,

Int. J. Mechanical Science

 PhotorThemo

Q
Q%Lﬁi%ﬁo\io || Pm « Mohammadi & Dargazany, 29
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Modeling

1. Vibration (Finished in 2020)

2. Thermal-oxidation

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)
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. MICHIGAN STATE UNIVERSITY

Vibration-induced damage

Softening of the material due to large time usage
To model the constitutive behavior of adhesives through vibration

A
Approach 4 . @
4+ ? i L
0))] .'2 (:D
Experiment : Mulling/effect /7 | @ ;
P 8
() o
Q A [ ——
S'_ 3 mi.ﬁ.ﬁtesé 500.“cycles
"""""" 8 | ] 11l
"""""" >
Residual Stretch Stretch Time
Constitutive model :
Using kinetics of irreversible chain scission P“‘@
>
= R
d; StSﬁ‘tBNetwork §
. _ with Damage © > F—
P (n) = Py(n) e &MJ W @ - 2 AEE
a -1 Rﬂ.dl Broken Chains L "§
Cs(n) = exp [ | L7 | —— — £, |l dt . £
cycle B n 9 =
g
/ ‘) >
<e2eo HPM i
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Vibration-induced damage

Fitting W T
Experimental data /./‘ Model prediction
il —— Model e / | Experimental data - fitted
7~ [ 450 ® Experimental data - predicted |
/ /
4 =
= 300 A,
A, = ®
=k =
= g « 400
& 200 / ) 1 A
7 / = °
’ — *
R
100 - 1 350 + N~ X
[ ]
Y ° o . .
0 A L .

1 12 1.4 1.6 1.8 2 2.2
)\ 300 1 1 1 1 1
. . 0 2000 4000 6000 8000 10000
Pred |Ct|0n cycle
500 : : : : : 500 . : ; : : 500 . — .
Model prediction Model prediction )\max =2.00
Experimental data - fitted it Model prediction A =1.80
400 ® Experimental data - predicted ] 400 F o max
400 Model prediction )\max =1.65 |
= . Model prediction A e 1.50
Py max
E 300 & ... S~ . ® Experimental data - predicted
== )
% E 300 :. T——,
& 200 .
a8 5 L} ) °
Qe . .
ol 200 ° o . o o L
0 ) ) ) ) 100 L A . A A A
22 1 2 1.4 1.6 1.8 2 29 0 2000 4000 6000 8000 10000 12000
A cycle

NIKT R P Nimax /lp (04 é‘ ks 7] f() NQKT ny
18.51 204 038 500 1.3 095 0977 045x107* 098 104 0.6N; 91
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Modeling

1. Vibration

2. Thermal-oxidation (Finished in 2020)

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)

0N
i HPM
UOPE | 33
9:&5.‘»0% HIGH PERFORMANCE
O] Material Group




o ST GRRRUNVERSTY
Thermo-Oxidative Aging

Goal: To model the constitutive behavior of adhesives through thermo-oxidative

aging Result
B =60°C
Challenge J ersrrym
Finding the correct decay function ‘A
T W (EE S z ;
Approach = 3 =
Dual network hypothesis § of ,};M E
m . [+
1
. . 0 1 | 1 1
Arrhenius functions as decay function % o4 os 12 16 20 g
Wi (t,T,F) = p (& T)¥(F) + (1= p(t,T)) ¥er (F) St
B=95°C
Aged for 30 days 2 40 — - .
p(tT)= A exp(—at) + A, exp(—pt) o gl A E CT s
[N I i, B0 P e
Time-temperature superpositon £ [ = 2L
NS A g
<E< ; 1)) m
ar = exp | — =< W E
R\T T ; :
ref 0 [ Y R N R Y — r—— "
0 0.5 1.5 255 3.5 10° 10! 107 10°
Strain Logarithmic Aging Time [hours]
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Modeling

1. Vibration

2. Thermal-oxidation

3. Hydrolysis (Finished in 2020)
4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)

0N
i HPM
UOPE | 35
9:&5.‘»0% HIGH PERFORMANCE
O] Material Group




. MICHIGAN STATE UNIVERSITY

Unattacked Network

Hydrolysis Model =l

Full network

¥t T, F) = N(t, T)¥o(F) + N'(t, )P (F)

E,
N, T)=exp (—’y exp(—ﬁ)z‘)

» Strain energy of a single chain

. A b 1 + ¢? :
e (n,7e) = nK,T f‘pﬂdgo, yoh— [1 - T"O B /%.\/
0
 Probability Distribution
Function of a Polymer Chain , ]
4 1 (n—u )2 Yy=Nt,NYo+a Nt TV, + (1 -—a)N(t,T)¥Y,
P (n) = exp(——=——)
2 \/ﬂ0.2 P —20‘2
* Networks and Subnetworks A 1 ]
l 0.75 B S 3
= e flﬁ.dbl = Zwo Wi E Aging 05 F N‘(t’,T) —:
* Inverse Langevinge Function apprOX|mat|on 0.25 ‘ ‘
8 > 0
—1 ~ I 2 Stretch 0 o 0]
L (x)—l_x"'x 9x . Time
©=60" C
+ Kinetics (Esters, Amide, Carbonate) Unaged 6 dayS 10 day
dICOOH 400 _P}edlctlon — iy 400 [ P;etﬁt&;r; i — : — 400} Prcctgfit;;):na Ia — l _
- g = E[Ester] [Water] [COOH] = K[COOH] r E;perlmenta] data == | = [ E_p i e 1 P Exp Al 1
dt -’i 300 P 1 & 300 - Fitted point 1z 300 /?
%/200_ //_:ém“ lézooz_ //7 ]
& c AR la [ -~ ]
. // I ool 1 100f - / 1
- 0of .~ ///// . i ] r // ]
G/LL [/ o i ] 0 " n i n o n_ o ] -L,///.l....\:
Obﬁ \(;U H“PPm 01 S 1'_5 e '2 ] 15 2 01 15 2
g; 08 %:mncz Stretch 1 Stretch Stretch
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Modeling

1. Vibration

2. Thermal-oxidation

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)
7/.Machine-learned engine (on going)
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Polyurethane

Hygrothermal aging: Competing sub-aging phenomenon

« Thermo-oxidation: Chain scission + Increase in
crosslink = Stress hardening + Tg increase
« Hydrolytic aging: Chain scission + reduction of S ‘ 'g
!
crosslink = Stress softening + Tg decrease v g
h
* Hypothesis: o BUN
Hygrothermal aging is a competitive environment
(") 4 ]
between two  sub-aging phenomena i.e. hydrolysis
. . . ° 9
and thermo-oxidation aging o °
| | | | 95°C 0— 0%RH | ' 80°C i | e 95°C
10 | . —0—0% F
v 30D 900 575 80%RH . < o 90D
0% RH —A-— Submerged § o135 E 10D I
5} . »on s g v 4.\.\300[)/. i
s Sl § 1 2 s —i
S 2 < 30D g 0090 | ]
S o 2| i ] e v 1D 10D <
:’m Submerged 625 F “‘\‘__._—. i =
o < A—A, 2 0045 | A—a _
Tl —8—0% RH Ty o —@—0% RH Submerged
5§ 0.0 . 80% RH - 9 o 80% RH
-440 3080 A~ Submerged 65.0 — ——A— Submerged
I ! I ] ! | | | | | 0.000 ) ) ) I I
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
QL Aging Time (hrs) Aging (hrs) Time (hrs)
Sifon -ty ress Variation g changes ross-link Density
ie P stress variat Tg ch Cross-link Densit
?}{;Q{'} ‘Eﬂj HiGH PEBFORMANCE
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Hygrothermal model

The strain energy of the material in all states of aging,

W, (¢t,T,RH,F) = N(t, T)¥, + N'(t, T)¥,

Eq
N(t,T) = exp(—yexp (— ﬁ) t)

N(t,T) =1— N'(t,T) are predefined shape function

We defined two end-state of the material as the

state of polymer matrix at initial state ¥, and
fully aged state at time infinity ¥, .

N(t,T)

(LYY

The hydrolysis network decomposes into morphed
> and deactivated network ¥ ;°

Y 0<a
= a?2 + (1 — P2 <1

Q,

e HPM
GO
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gpe 40
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Ny Number of chains of virgin
Su m mary network per unit volume
o Mean value of unchanged
network chain length distribution
o Standard deviation of chain length
distribution in all networks
Ry Normalized end-to-end distance
% of reference chains
Clg Bt o
v Sliding ratio w.r.t. bond strength
R, The normalized end-to-end
distance of chains in the morphed
network
1o The mean value of morphed

network chain length

(04 The percentage of active chains in
Material paraneters the hydrolytical network
Strain enetgy function Unchanged network Tydrolytic network Thermo network | Coupling parameter: ” The mean Value of thermo
_ t
_ Noky T q 5 . .
- TR aEEs network chain length distribution
W= NGt T)Fy + N'(t, THE, [MokT Ro o o v ||[R tim o % 7]
e [NoksT Ro o o v | Y Arrhenius rate factor
¥ = NI+ NI - B+ NG, TP, | NoET B 0 0 v ||[Re tm o % 7| [Rrsr] |[B @ @ Q,0 Adjusting parameters to keep 8
between zero and one

E,, E, Activation energies
Final Equation:
— aqu -T _ alpo l 0 1?0 ;;0 -T
= 3F F~' = N(t'T)a_F+ N'(t,T) [,B(t,T,RH) oF +(1—-p(T,RH) 3F |~ pF

- /QL -
szire HPM 41
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Model prediction against Rubric of Env. Condition

60°C

80°C

HiGH PERFORMANCE
Material Group

30% RH

50% RH

80% RH

T = 60°C RH = 30%

T=60"C RH = 50%

i TZSIO"C Rll-i = 805'./0

— )

10 a
L] L] L] ®  Fxperimentdal data
10 4 1 _ Winde: sredicrior =d Aged for 30 days
8-
Aged for 1 day s ged for 10 days |
L Aged for 10 days @ 1
— . - Aged for 1 day 1
o ed 30 days £ 64 & 5 ]
=R . 1= = Vi t |
s T4 irgin material
% s - § % g ateria
= = |4 Wirgin material 7 £ 5 | i
2 O Virgin material| @ 9 &3
24 i
24 4 |21 1
14 i
& & & & [Copeimental datd & & & & BExpeimznial daly
e e s s 2021 bl a0 e e e e W0l pr2dliclion
a T T T L 1 T T [ T T T T T T T
0 100 200 300 400 a 100 200 300 400 D 50 100 18D 200 280 300 3D 400
Stretch (x) Stretch (x) Stretch (]
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a T T T T T T T 1z L r r 0 T T T T T
L]
7 adlonis . Aged for 30 days
- 04 - 4
&4 Aged for 30 da B
J Aged for 10 days
& g ¥ . Aged for 10 days, Aged for 1 day
- R . 4. .
%u 5 g . g 5 .P§ed for 10 days
= h = L] =
P 4 Wirgin material 4 2 & - o Aged for 1 day 1a L]
jd @ . . 24 Wirgin material
i 3 15 |7
4 ] . . e
2] ] e o Virgin matenial
.e 2 -
14 1 P Jo i
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24 24 i
- o 5 -
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Modeling

1. Vibration

2. Thermal-oxidation

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)
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Dual condition:
Photo — Thermo aging

Dual Condition: PUB

Was aged for 10 days in
either 60 or 80 C.in thermo-
oxidative conditions

8
« Was then aged in the same g T B e
. . . & 2 | =
temperature in photo-oxidative i —Unaged | B4 T
conditions for durations 3, 10 § e e
& 30 days ——30 Days ——30 Days
0 100 200 300 400 500 00 1@0 260 360 460 560 )
Strain [%] Strain [%]
 Failure and cyclic tests were = 60°C ®=80°C
con d u Cted . 8 _--lshr‘)a;’:f 8 '“Elgf;:
- 10 Days - 10 Days
E 6f & e 30 Days ﬂ;— 6 ’;.'i'SO Days
- Material degrades from higher =1 4 s = i
g 2 ) /" :’ o g o
temperature aging mode. 4 ; /;;5‘::;/ 7 1
T -26() 300 400 500 200 300 400 500
Strain [%] Strain [%]

e Specimens aged in Dual aging at 60 & 80C for 30 days
2 HPM for thermo-oxidation at 0%RH for then moved to photo-
bo &, Loosroromn oxidation for 3, 10, and 30 days. =

Q.o
Q)

e

Qe
Lo
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Kinetic Model

The general scheme of photo-oxidation reactions can be written as:
= |nitiation: POOH - aP*

= Propagation: P*+ 0, - PO;, PO, + PH - POOH + P*

= Termination: PO; + PO, — Product

P is a symbol for polymeric chemical compounds. Defining the rate of
oxidation in the course of aging:

i L q
- = k[P]
= [P] is the concentration of chemical compound.
= k is the reaction rate coefficient, it is a function of temperature T and
the light intensity I. k = tI%e~Ea, E/, = i—;
- [P]=
Aexp (—TI“(e_EarEf)aTt
exp (—TFVe_E“ref aTt), I reflects the effect of UV.
=y is a function of UV radiation.

) decay function for photo—oxidative aging

Po ) =

b

HPMmM

HiGH PERFORMANCE
Material Group
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t = tl:l t tl
Unaged state 3 —- % .
) R

E=

t=t t=t,
, i
g %
Fullyaged state - ",
= ) *
- b .
PR
“-\fl_ - 5‘1
ﬂy_i}}-&\,&b —— Unchanged netwark W,
j L —— Photo-oxidative aging network W,
. U\»a

—— Thermo-oxidative aging network Wy

Unaged network (t = t,) continues to change and got
replaced by two new-subnetwork at the fully aged state
(t =tw)-

Pphoto+thermo
= Pthermo®Po + (1
- pthermo)(pphoto(pthermo + (1 i pphoto)(pphoto)

—Eq
Pthermo = A1 exp(—e RT t)

Pphoto = Ay eXp(_Iat)

* A, A4, o:Constants
* [:Radiation intensity

* E, :Activation energy
45
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Continuous Network Hypothesis

UV-radiation Y is a material parameter to show the effect of light intensity
Lﬁﬁ % % S) Crossiifking y = 1 means we only have thermo-oxidation

i > Crosslinking process

"'\‘\‘\’\ ’ L ‘
__Egp _Eaz
R(t) = Ro — (Rc - %) 1—exp\—7ie *ref y@(ay, t) )| + (Rs - R?) 1—exp\—t,e Tres vF(ar, t)

\ J

UV-radiation Y
2 5 Chain-scission ) o

L-fa 3 % Crosslinking process Chain scission process

S, — [ A \

'\’\f\_\’_\ E

Eaz
er©= et (o )1 {5 v, )] o= ) s enp (s 51900, )
\ J

R average end-to-end distance of chains Chain scission process
Ry end-to-end distance of unaged material
R., R; effect on R from crosslinking and chain scission respectively
R, effect of crosslinking and chain scission on R from radiation €70 crosslink density at virgin state A
Constraints to make sure

Egp activation energy crg, crg crosslink density from thermo-oxidative data
7,,7, defines the speed of aging as a function of t, T v, yP effect of radiation intensity on crosslinking and chain scission
cry crosslink density from photo-oxidative data

O<cr(t)<lcry>0
cry < % < cry

- HPM 46
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Model validation

Material: Black Polyurethane

= 450 — RN° — ano°
10 T T e 45! C T T 10 T T e'_ 6I0 C T T 10 T e 8lO C T T
. 30 days
150:1.3)_,‘%'; 60 days e .- 2-"10days e ?ggays
& ':'-;:" 10days 1 °7 N 1 ~ T2 na
4'" L] .'/d' 4 . = —"
s ot . | .2 «tf e |7 P .
o 6+ o L 10- 64 .. .0‘ R 40 64 .,-'," LI 4
=3 4 =3 o = .4l
0 £ » S 1o o e
] “ 72} (4 | 0 &
L 4 2 o> 19 4- 4 A S 18 4 7 g
) /,.'- ° 5 "' p | %) /';:
Cs L "9
5 Py - - - Aged for 150 days i 2 Y = - Aged for 30 days 1 54 /." = - Agedfor 30 days -
— - Aged for 60 days ,t - = = Aged for 10 days ’ = = = Aged for 10 days
—— Aged for 10 days Aged for 1 day Aged for 1 day
- Unaged ,‘ — Unaged ‘v — Unaged
3 @ @ & @ Experimental data . e o ® Experimental Data 0 / o ® @ Experimental data
0 ‘; é IIS 4 5 0 1 2 3 4 5 0 1 3 4 5
Strain (%) Strain (%) Strain (%)
(a) (b) (c)

" Parameters are
Flttlng NOCJ CTO RO v CT'S CTC RC RS Eal CTI RI a ﬁ Y Eaz independent to each
Parameters . N : o . P

Material parameters Thermot-OX'datlve material Photo-oxidative material other between 3
P arameters 0 o
for virgin state A parameters states: virgin,
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Modeling

1. Vibration

2. Thermal-oxidation

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)
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Vibration with thermo-oxidative model

° Materlal Thermo-oxidative Aging
[#—— nrepetitions — A

* Ph-1: Development (SBR)
» Ph-2: Validation (DOWSIL-7091 and 3M-590)

* Aging environments:

* Ph-1: Thermo-oxidation

X% stretch Dwell time
* Ph-2: Thermo-oxidation, UV, hygrothermal / hydrolytic
Vibration test profile A
aging
, —
» Temperature (T): 60C and 80C o D=0.9 ——
209 DI=06 —==
. . = - e
« Model is based on toughness comparisons between: K ot
_ = 06
* Unaged specimen é
=
» Fatigued unaged specimen (mechanical damage) g 0.3 |
_ —C I
@}ng—l_(a‘] [ ] I BT - L N
0 0.3 0.6 0.9
i . Environmental Damage
* Aged specimens (environmental damage)
E,
@ev - 1 —exp <_’y€xp <_%T Z é’u L }I:,xpelrime:ﬁalllﬁatal "I I ‘ I i _I ST
g 0.8 L T=e60C — - gn 02 L . R?=09083 |
o T =80°C — | g I ,
« Aged + fatigued specimens (environmental + % g8
= 5 ©=0.8017 |
mechanical damage) E gq | X0 15l e d
o
d d .5 8
@ = dl tanh (9]’)16 2 + @e‘?> s:;: | g
(G4 . - -1 . .
‘) i !':’a = :";2;89‘;? [l[mol]™ | | Experimental Data =
ba hR = et
ot po 0 c R [ ol v 0y
%%fc ﬂ%- 'Ipm 0 10 20 0 150 300 450
?3) b’ Hler;;::c;ﬂ:NCE Aging time (days) Number of Cycles
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Modeling

1. Vibration

2. Thermal-oxidation

3. Hydrolysis

4.Hygrothermal (Hydro + Thermo)

5. Photo-thermal oxidation (Photo+Thermal)
6. Vibration + thermal-oxidation (on going)

7/.Machine-learned engine (on going)
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Machine Learned models: Hybrid physics
iInduced data-driven framework

» The proposed model is based on the concept of a cooperative multi-agent system c/l]"-, ie{1l,n},je{1,m}
to describe different features in the material behavior with n x m different Neural Network learning agents

(L-agents). Agent Team
EL.,\gem 1 L-Agent Nd‘:
L-Agent
Polymer Matrix Microsphere SUDTEIeente _ Polymer Chains HEE
Element i 1 P © e W
Sub *— —— — f . ol
Sub-Elerment | s ! w o W
10— * o
...... ®,
: Sub-Fl i b
o—]|
S o N,
e d d d
F l‘Pm P F— lpm Ad_.,lpmd wl‘+w2‘+"'+¢~;
strain

Two — point tensors(F: P) — E:deformation gradients, P: first Piola — Kirchhof f stress

stress

strain
Material pr— tensors(E:S) — E: Lagrange strain, S: second Piola — Kirchhof f stress

Spatial zgzlsr; tensors(L: T) = L: Hencky strain, T: Kirchhof f stress

The model is constrained at multiple steps:

1. Model defined based on strain energy

2. Hiring micro-sphere for 3D to 1D order reduction
§( ,} |I Pm 3. Network decomposition to separate different inelastic effects 51
4. Defining learning agents to represent each 1D subnetwork

Fo ;gf. HiGH PERFORMANCE
& ‘Material Group
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Conditional Neural Network (CondNN) L-Agent

For which the outputs are not only dependent on past occurrences e.g deformation effects on the matrix, but also on external actions e.g.
temperature and time of aging effects on the polymer matrix

Polymer Matrix Microsphere Element

lP,fj is the element energy represented by team of

Sub-element 1I—@ L-Agents B4 reflecting an additive cooperation

: between multiple L-Agents B% = ¥.*, A! based on
microsphere concept.

We assume all teams to be identical in the virgin
state B% = BY,

During matrix deformation, different teams will be
exposed to different deformations based on their
directions, and the matrix become anisotropic.

Sub-element j F—@

1
djcd ~ N _
Y= g Whast = Bi=Y" 4
=1 i=1
For the CondNNs structure of L-agents, we considered one input layer, one ‘% @ n=1
hidden layer with 4 neurons, and 3 activation functions (soft plus, sinusoid, £ é m, =2
hyperbolic tangent). ‘T CS @ ® -
I € f—rt) \ e2
L-agent response is computed using a feed-forward algorithm for a @ ® @ e-9®
given set of hyper-parameters.(nl,nn). Each L-agent can be @ | ® @
represented by a CondNNs A}: = Ddi(Edi)lp]‘-i(M‘-,S?) % NG @
Where D}: = CNN, (W, EY), % = CNN,,(W),, M}, S}) - ® . _,
-
® n,=4

Y (M., S}) is trained on the basis of a non-kinematic input sets M;, internal

~ / i ; Jj
.J;Og( > HEPM parameters S} for the mechanical damage CondNN. W, and W7, are related
dfb <QJ HIGH PERFORMANCE to weight matrices of environmental and mechanical damage.

Material Group
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L-agent response

For the CondNNs structure of L-agents, we considered one input layer, one hidden layer with
4 neurons, and 3 activation functions (soft plus, sinusoid, hyperbolic tangent).

Internal parameter A;_,,,, to capture the deformation of the rubbers with full memory

di _ 147 ¢%i — 4% " - di _ 141 ¢%i — 9 di —
Ml — [Al ]’ Sl _ [Al—max]’ E™ = [t,@], MZ - [/12 ]’ SZ - [Az—max]’ E™ = [t,@]
d; ,d; ' . .
Where /1;11- = Jd,Cd;, 1% = /d,C1d,, C = FTF A, A, are related to I, I, as the first and second invariants

of C

We used identical engines, a relatively simple engine built by N; = 21 teams, where each
team has N = 2 agents

au‘ll
The final cost function: (W3, W2, W,) = %Zn=1[91 ( 21X 0 — — — PF~ )g1 — P12

{}ijﬁ < HPM 53
ey

,3. HiGH PERFORMANCE
Material Group



o ST UNYERSY
Training and model prediction

Material: Black polyurethane

a) b) c)
6 Temp. = 60 6 Temp. = 80 6 Temp. = 95
— Prediction — Prediction — Prediction
-+ Training 5 +ue: Training 5 -+ Training
5 30 days 30 days 30 days
= © 10 days w © 10 days = © 10 days
e 4 © 1days = 4 o 1days & 4 | oldays
= © Unaged E O Unaged E O Unaged
E 3 [ ] g 3 : 2z 3
£ ¥ 2 - z £
5 2 Tt 52 St B g
A= : T . o8’
0 2 0 & 0 &
1 12 14 16 18 2 1 12 14 16 18 2 1 12 14 16 18 2
Stretch Stretch Stretch
Material: Styrene-butadiene rubber(SBR)
a) b) c) d)
6 Temp. =45 6 Temp. = 60 6 Temp. = 80 6 Temp. =95
—_‘!_«q@m — Prediction — Prediction
5 AF= s | T i
T o4 T o4 Py 29 F a4 o © o009 T o4 |8 e P
& = 0 24 hours E © 24 houns 2.o° & (e o2 oS
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o ST GRRRUNVERSTY
Response to Previous Year Review Comments

» Risk Management: “There were no risks or risk mitigation strategies identified by the
presenter: however, challenges were identified by the project team that indicate an
awareness of where risks may occur”

COVID-19 shut-down consequences:
- Forced shut down of all Aging Tests
- Removal of all ultra-long natural aging samples
- Capacity shift by industrial collaborators (uncertainty on resource allocation)

_ Risks Mitigation Plan

Supply chain issue to obtain all the adhesives Fatigue +Environmental damage validation with
accelerated aging at short and Mid-range level
aging
Ultra-long agin only with Polyurethane adhesive

Lack of time/resources to redo ultra-long tests: Reducing validation set of materials used for ultra-
long aging

Non-uniform damage mechanism in the material -> use of 5 reliability samples for each test
-> collaboration with suppliers to use same batch

Complicated and inseparable sources of Multi-path aging tests to define synergy
degradations mechanism
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o ST GRRRUNVERSTY
Collaboration and Coordination
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Principal Investigator
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Consultants

Collaborator

Dow Chemicals
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Parker-Lord
Chemicals Inc.
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. MICHIGAN STATE UNIVERSITY

Summary

Accomplishments

» Finished Vibration, Thermo-oxidative and hydrolysis model.

« Developed vibration & thermo-oxidative damage model and machine-learned
engine.

* Developed hygrothermal model and verified against rubric of Env. Condition.

« Developed photo-thermo oxidation model with multiple adhesives.

« All pilot tests (mechanical and chemical) finished for all single-aging condition.

« Dual effects (hygrothermal, photo-thermo oxidative) for Polyurethane is finished.

« Temperature jump test for Polyurethane is finished.

« Relaxation test finished for thermo-oxidative aging on Polyurethane.

Future Research

» Correlating ultra-long & Accelerated characterization
» Degradation of adhesion properties

« Data minimization for training/validation of Multi-agent simulators

JOR
q

HPM Any proposed future work is subject to change based on funding levels. 59
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. MICHIGAN STATE UNIVERSITY

U.S. DEPARTMENT OF

JENERGY

This material is based upon work supported by the
U.S. Department of Energy’s Office of Energy
Efficiency and Renewable Energy (EERE) under the
Award Number DE-EE0008455.

Thank you

Disclaimer: “This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily

state or reflect those of the United States Government or any agency thereof.” 60
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