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Introduction

Literature

Motivation

Thermoplastic composites with remolding capabilities [1
Burgoa 2023]

High mechanical loads and temperatures (~200 <C)

Need for a finite strain thermoviscomechanical model
for polymers - Geometric and Material nonlinearities!
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Uniaxial compression or
polycarbonate (PC) at
strain rate of 0.01s" (top)
and temperature of 25 C
(bottom) [2 Richeton 2006].
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Cyclic Loading Experiments
(Provided by Experimental Partner - Leartiker)

- Variable Tg range
* Material dependency

Modelling Requirements

* Adaptability to high strain rates

- Range of temperatures

- Calibration -> Experiments
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|* Glass Transition Phenomena (Glass <-> Rubber)

- Steep decline in material moduli and strengths




Generalised Thermo(visco)mechanics
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Compression Tests on RTM6 Epoxy [3 morelle 2017]

Thermo(Visco)Elasticity (TVE) — Maxwell Model + TTSP
Thermo(Visco)Plasticity (TVP)— Power Law YF + Perzyna Flow

Additional Effects — Elastic Hardening [4 Srivatsava 2010]
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Viscoplastic|

Rheological Interpretation of the

/

Constitutive Model




* Hookean Hyperelastic term (1, ) - Bilogarithmic in logarithmic strain

tensor (E,) .
Thermo(Visco)Elastic Model ,

Hookean Viscoelastic Free Energy (y,,.) — Bilogarithmic in log strain
tensor (E.) and internal variable tensor (I3;).
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* Consisterit Corotational Kirchhoff stress (t) in volumetric and deviatoric
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ODEs forinternal variable (I;). To solve for I; using TTSP!
I'; = f(EEa Fi: kz:gl)

Assuming, k; = g; and constantPoisson’s ratio.



TVE - Time Temperature
Superposition Principle (TTSP)

e Convolution Integrals for stress.

Integrations are instead performed in material time ->
shifted laboratory time. Implemented using TTSP.

* Stress relaxationin shifted laboratory time.
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Experimental Campaign (with Leartiker) pgmese

Choice of Polymer — Polypropylene

Thermoplastic - reversible glass transition,
recyclable.

Stiffer relative to PEs.

Sufficiently high melting point - broader
temperature sweeps into rubbery region.

/»

Planned Experiments
1.

_/

QS Tension Tests - Stress strain isotherms for TVP calibration.

DMA Tension Mode - TVE shift factor and relaxation
spectrum.

Thermal Property Tests
* DSC -> Specific Heat (Cp)

 TMA -> Coefficient of Thermal Expansion (CTE) -
zero/small force

QS Compression Tests—Tension-compression asymmetry.

Cyclic Loading Tests - Stress strain isothermal cycles at
different temperatures.
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Experimental Data—
DMATension Mode

Shift factor and Relaxation Spectrum Data from DMA

Tension Master Curve -t

E'(w,T) =E'(ay , Tref)

where, T, is the reference temperature. Rjg'id shifts
in the log-log plot. WLF shift factor calibrated'using the

aboverelation. ,'
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TVE Preliminary Results — Uniaxial Tests

Uniaxial Tension (0.083 /s, -10 °C) - Exp vs. Num Uniaxial Tension (0.083 /s, 70 °C) - Exp vs. Num
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TVP Model Elements

Elements

Extended Drucker-Prager Power Yield Function (F) — pressure

dependency, a,, a,, 3, - functions of tensile and compressive yield

strength.

—

- // F \ P
F(I',Av,T) = axpe — a1¢p — ag —\<”}N))'
\__I/

Perzyna Flow Rule with temperature-dependent viscos',ity (n),

guadratic plastic potential (P). “

T \

D, = 'F f“i"'m\ \
I(T) & /‘\/\/ Flow Normal‘(\Q)

Chaboche NLKH —for backstress. \

/ Viscoelastic region /
' F<0

Viscoplastic region

F>0

No-access region
F>0

Extended yield surface with various regimes [5
Nguyen 2016 — Session Wednesday morning A4-206].

Extended yield surface (F) defined using regular yield
surface (F) and viscous (rate-dependent) term.

Temperature Dependency:

Yield strengths, kinematic hardening modulus (H,) and
viscosity (n) scaled with temperature dependent negative

T exponential functions like WLF shift factor (ay).

n(7, T) = ar(T)n(v)



TVP — Loss of Commutavity

* Solutionto convolution integrals with recursive addition for

previous time steps.
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* Loss of commutativity of corotational Kirchhoff stress (t,) with
log strain (E.)-> 2" PK Stress (S,) does not commute with left
Cauchystrain (C,) -> Loss of symmetricity of Mandel Stress (M,)

M, = C.S. # S.C.

* Loss of thermomechanical consistency (6<0) in finite isotropic

plasticity
0= M.:D, >0
N ——’

Plastic Power

Solution: Modified stress measure -> S, and C, commute.
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* New Definition of Mandel Stress

M, = 3 (Te + CeTeCe_l)

1
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U

Non-linear Equation of Effective Stress

* Resolving commutativity requires implicit solution of effective stress
(¢p =M, - X) —> additional internal Newton-Raphson loop.
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Where, B is the corrector tensor and 7, is the extra-branch stress.




Numerical Results— Significance of Extra Branch
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Numerical Results— Extra Branch

Uniaxial Tension Linear Loading (Quasi-Steady, 23 °C) Uniaxial Tension Linear Loading (QS, 70 °C)
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Future Developments Mulln' Effect in Unloading

Uniaxial Tension Cyclic Loading(QS, 23 °C)
Compression Linear Loading 40
Uniaxial Compression Linear Loading (QS, 23 °C) 15
50 © . .
. . = Negative exponential
*  Compression asymmetry in = : :
| . . @ 10 - curvesin unloading
40 1 | elastic regime! o
— :
- ¢ Can be fixed using different bulk 5
© q q c 59
S .0l and shear relaxation times. [}
B Under-stiffin compression Remove assumption of k; = g;
0 q q ’ .
o ; and variable/Poisson’s ratio [6 0 -
A it Wu 2023]. —— Exp, T=23°C
o —— Num T=23°C TVP cyclic
v < -5 ; : ; ;
/ 0 1 2 3 4
/ Expl T=23°C Relaxation Modulus vs. Time, N = 20 3
104/ Exzz T=23°C e eng. strain [%]
1 / T 93 Relaxation Function
\ ) Exp3 T=23°C s
N —— Num, T=23°C s ., )
ol . . . . ; ; s, e Mullin’s effect to lower the stress in
0 1 2 3 4 5 6 7 8 N . . .
eng. strain [%] gos unloading using a damage variable (n->1

L to 1,,:n) functional of deformation energy
A [7 Ricker 2021].

G0 K(t) = Koo + Y Kiexp (f > (w) ~
Te = 1) Te

V4

| ~

ol
&,

(@

G(t) = Goo + 3 Groxp (75)

()




Thank You for your attention

Ujwal Kishorel., L. Noels
Computational & Multiscale Mechanics of Materials (CM3)

Contact: ujwalkishore.jinaga@uliege.be, l.noels@uliege.be

K. Zulueta

Leartiker

s
i: | SCiences App[iquées Contact: kzulueta@leartiker.com


http://www.ltas-cm3.ulg.ac.be/
https://www.leartiker.com/polymers

References

1. Burgoa A., A. Arriaga, J. H. Badiola, J. Ibarretxe, M. Iturrondobeitia, A. M.-Amesti, and J. L. Vilas. "On the injection molding of thick-walled thermoplastic vulcanizates: linking
static and dynamic mechanical properties with morphology." Polymer International 72, no. 5 (2023): 508-5189.

2.  Richeton, 1., S. Ahzi, K. S. Vecchio, F. C. Jiang, and R. R. Adharapurapu. "Influence of temperature and strain rate on the mechanical behavior of three amorphous polymers:
Characterization and modeling of the compressive yield stress." International journal of solids and structures 43, no. 7-8 (2006): 2318-2335.

3.  Morelle, X. P, J. Chevalier, C. Bailly, T. Pardoen, and F. Lani. "Mechanical characterization and modeling of the deformation and failure of the highly crosslinked RTM®6 epoxy
resin." Mechanics of Time-Dependent Materials 21 (2017): 419-454.

4.  Srivastava, V, S. A. Chester, and L. Anand. "Thermally actuated shape-memory polymers: Experiments, theory, and numerical simulations." Journal of the Mechanics and
Physics of Solids 58, no. 8 (2010): 1100-1124.

5. Nguyen, V-D., F. Lani, T. Pardoen, X. P. Morelle, and L. Noels. "A large strain hyperelastic viscoelastic-viscoplastic-damage constitutive model based on a multi-mechanism non-
local damage continuum for amorphous glassy polymers." International Journal of Solids and Structures 96 (2016): 192-216.

6. Wu, L., C Anglade, L. Cobian, M. Monclus, J. Sequrado, F. Karayagiz, U. Freitas, and L. Noels. "Bayesian inference of high-dimensional finite-strain visco-elastic-visco-plastic
model parameters for additive manufactured polymers and neural network based material parameters generator." International Journal of Solids and Structures (2023):
112470.

7.  Ricker, A., N. H. Kroger, and P. Wriggers. "Comparison of discontinuous damage models of Mullins-type." Archive of Applied Mechanics 91, no. 10 (2021): 4097-4119.




Appendix 0 - Mechanical Source

R=ar (6. —0¢y)
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Appendix 1 —TVE Equations

. e Yo WUy o~
- T~ & : P 2
( extra Y Y
h \Co — 7 < o | \ |
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Generalised Maxwell model with N+1 branches - W is the

free energy, Y is the coefficient of viscosity, extra is the
additional hyperelastic branch

* Hookean Viscoelastic Free Energy (,,¢)

N; _
l.:'g'('(Eg‘- TF,) = Z % |:tl' (Er . 1-\}) :|'2 T

1=1

> . + G dev (E. —T;) :dev (E. — T;)

e Maxwell model + Hookean Free
Energy with log strain -> Stresses

decrease with temperature.
1
E. = 3 In C, extragych thata and b are (%trE trE. — C)
sigmoid functions ofthe log strain-> | « = V =
 Thermal coupling-> Heat flux exponential non-linearity in elastic \/1+ (%trEe-trEe —C)

definition from Fourier’s law, regime. Temperature dependence (0dev E, : devE, — 1)

temperature dependentCTE and in Vand D parameters only. b = D \/ 5

thermal conductivity. L+ (0dev E : devE, — )

* Consistent Corotational Kirchhoff stress () conjugated to lo
strain tensor (E,).

garithmic

N.
]' - —‘ . 7 - 4
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Viscous
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* ODEs forinternal variable (I;). To solve for T;.
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Appendix 2 — TVP Equations

Elements

_ - TVP Internal Variables:
Extended Drucker-Prager Power Yield Function (F) — pressure

Equivalent plastic strain (Ay): Solved using a rate equation. (k is a
material parameter)

dependency and temperature and equivalent plastic strain (Ay)
dependent coefficients (a,, a,, a,), and the flow parameter (I'). a,, a,,

a, - functions of tensile and compressiveyield strength. [ ¥ =ky/D, : D,

n « r i
F(',Ay,T) = AP, — a1Pp — Ay — <T}A7‘) * Flow parameter (I'): Solved using F.

Perzyna Flow Rule with temperature-dependent viscosity (n), Two Equations: yield function (F=0) and Ay rate equation !

guadratic plastic potential (P). TP Ee AL

1 S ,//{')IJ Y
D, 7 ) o
L) Y\\ ' 3(’\/» Flow Normal (Q)
Temperature Dependency:
Chaboche NLKH — coefficients are functions of equivalent plastic Yield strengths, kinematic hardening modulus (H,) and
strain for cyclic loading performance; temperature term for viscosity (n) are scaled with temperature dependent
performance under high temperatures. negative exponential functions like the WLF shift factor

(a;). For a parameter:

X = k*HxD,, + (?\n?(’y)ﬁz)g}—l—f\-{m-('y, G(X),)) CIX X (v, T) = ar(T)n(vy)

_ il

7 — ~

For cycling loading Static Recovery Temperature term




Appendix 3 - Elasto-Plastic
Algorithm

Summary
1. Initialise elastic predictor step, get predictor stresses (t,, M,). <
2. Check Yield Function (F).If F <0, exit. <

Elast o-Plastic Algorithm
time-step n: F,,, T,,, X,
time-stepn + 1: F, T

TVE Predictor

e 1 8T

3. If F >0, get derivatives with respect to equivalent plastic strain (y)
and flow parameter (I'), solve simultaneously. Solve the effective «—
stress equation ( J(¢) ). Iterate until F convergence.

4. Update the stresses (t,, M,). Get Piola-Kirchhoff stress (P).<\

Then, get the stress derivatives with respect to deformation and
temperature, get thermal flux term and its derivatives, sources ....

Check Yield |

\
Y
\
\
4 1
i e, FT :
I
1
I
1}
1

Purely Elastic
M, = M,
F. = F

Function (F)
ith jteration ’
~ 7

~ -
Se e —’lr
O

d

R —

Get 2
Derivatives

Update 1

update

:Q, X

|

wrt 4 and T

TVE Corrector

F, = FF; ',

Solve 1

i,

Tes BT

Solve 2

[e———————————
.
—

( Final Step

'| time-step n + 1: P
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