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Motivation

Successive degradation of stiffness and strength due to damage resulting from
chemical aging

= M = const.
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—> Significant reduction of lifetime: depending on humidity, temperature and loading

[1] Bieker, C. (2006). “Methodenentwicklung zur Bestimmung des hygrothermo-mechanischen Langzeitverhaltens von strukturellen Klebverbindungen mit metallischen und
] mineralischen Untergrinden”. Schriftenreihe des Instituts fur Werkstofftechnik Kassel. Shaker. Dissertation.
1Fa

UNIKASSEL
4 VERSITAT



Procedure for determining the diffusion properties
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Model development, which describes the hygro-thermo-mechanical
influences on the service life of the adhesive layer

First step: Description of the diffusion behavior
Second step: Classification into reversible and irreversible damage by water
Third step: Combination with the material model and thermo-mechanical damage
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Model development, which describes the hygro-
thermo-mechanical influences on the service life of

the adhesive layer

First step: Description of the diffusion behaviour

Modeling moisture absorption
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Procedure for determining the diffusion properties

¥#=50°C
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Model development, which describes the hygro-
thermo-mechanical influences on the service life of
the adhesive layer

First step: Description of the diffusion behaviour
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[1] Crank, The Mathematics of Diffusion, 1975

Diffusion coefficient:

1 1

D= Dyexp| D, T T

[2] Laboratorium fir Werkstoff und Flugetechnik, Paderborn, Prof. Meschut
[3] Abdel-Wahab et al., Diffusion of Moisture in Adhesively Bonded Joints, 2001
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Moisture Simulation with LS-DYNA

LS-DYNA has no diffusion solver, therefore the temperature solver is used

Diffusion  Thermal conduction

Fick’s first law FOURIERs heat conduction
J=-DVc q=—kVT
continuity equation heat transfer
B
5% +V.-J=0 pCrE +V-q =0
Fick’s second law heat equation
de _ 2 T _ k72




Moisture Simulation with LS-DYNA

LS-DYNA has no diffusion solver, therefore the temperature solver is used

Diffusion  Thermal conduction

Fick’s first law FOURIERs heat conduction
J=-DVc q=—kVT
continuity equa.t.imi heat transfer
% 1.3—0 b 4T =0 The *THERMAL SOLVER of LS-DYNA can be
FiEmecont lav heat equation used for the solution of the hygric field problem,
9 — DV?c o _ _k w21
at ot poe
the diffusion and thermal problems have
N | analogous field equations and boundary conditions
concentration ¢ temperature T
mass flow J heat flow q
diffusion coefficient D | thermal conductivity k
1 specific heat capacity Cj,
1 density p




Diffusion

Moisture Simulation with LS-DYNA

LS-DYNA has no diffusion solver, therefore the temperature solver is used

Thermal conduction

Fick’s first law
J=-DVc

continuity equation
% t+V-J=0

F1ck’s second law
de __ 2
= DV C

FoOURIERs heat conduction
q=—kVT

heat transfer
a
p@;;a—’f +V-q=0

heat equation

T _ k 2
o = L

concentration ¢
mass flow J
diffusion coeflicient D
1
1

temperature T
heat flow q
thermal conductivity k
specific heat capacity C,
density p
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finite element model

*BOUNDARY TEMPERATURE SET
*MAT THERMAL ISOTROPIC

adhesive

10



Moisture Simulation with LS-DYNA

LS-DYNA has no diffusion solver, therefore the temperature solver is used

/

Diffusion  Thermal conduction

—_—
FIck'’s first law FOURIERs heat conduction ;
J=-DVec q=—kVT
. . LWF
continuity equation heat transfer adhesive sample .
R o 1V . q =0 P finite element model
F1cK’s second law heat equation *BOUNDARY_TEMPERATURE_SET
e T *MAT THERMAL ISOTROPIC

*CONTROL THERMAL SOLVER

concentration ¢ temperature T
mass flow J heat flow q
diffusion coefficient D | thermal conductivity &
1 specific heat capacity C,
1 density p
temperature - concentration
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Moisture Simulation with LS-DYNA

Verification of the parameter identification
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Concentration calculation in different adhesive bonding
specimens
Successful simulation of water absorption is used to calculate the

butt joint specimen  shear specimen component-like specimen

Concentration used as damage driving variable for calculation of
reversible effects and irreversible damage
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Description of the semi-structural adhesive behaviour
under aging
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Reversible effects: Time-concentration-temperature shift

Rheological model

Reversible
_@'_ | effects

Dca — Dca(Da Uec(ti)a C, T)
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humidification

Concentration as reversible damaging factor

Reversible effect
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Water molecule o i
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« Water diffuses between polymer
chains when moistened and breaks
down Van der Waals forces

 Hydrogen bonds can be dissolved
again by drying (higher temperature
may be necessary).

« Water diffuses out completely during
drying

* (thermo-)reversible in the chemical
sense [2].

[1] Zhou, J. and Lucas, J. P. (1999). Polymer, 40(20):5505-5512.

[2] Petrie, E. (2005). Epoxy Adhesive Formulations, S. 319
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Reversible effects: Time-concentration-temperature shift

Rheological model

Reversible
_t:z'_' effects

Time-temperature-shift: ar(T)

Time-concentration-temperature shift: ares (T, ) = ap(T)ac(c)
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Reversible effects: Time-concentration-temperature shift

Time-concentration-temperature shift: ares(T, ¢) = ap(T)ac(c)

~ —p1i(T — Tar)  WILLIAMS-LANDEL-FERRY-

Approach for time- log ar (T
T —T WLF-) [1,2
temperature shift Prz ¥ | )11.2]
i 1
function log an(T) = Ea (l B ) ARRHENIUS [2]
T Tyt
3,41 —Pc1\C — Cye
Transfer to time log ac(c) = ! )
. . Pc2 = C— Cac
concentration shift
function [5] Cae — C
In CLC(C) = Pe1 P2 | 1 — €xp D
c3

*usermat

[1] Williams et. Al., 1955 [2] s. FOSTA-Projekt P 1087 [3] Maksimov et. al, 1972 [4] Ma et. al, 2006 [3] Zheng et. al, 2004
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Concentration as irreversible damaging factor

Irreversible effects [2,3]
» Breaking of the polymer chains
by hydrolysis

i « Previously intact chemical
—
. J{OH OH bonds in the polymer cannot be
e A restored by drying
LH/OH « irreversible in the chemical
OH meaning

o Stress reduces activation
energy for hydrolysis

[1] Zhou, J. and Lucas, J. P. (1999). Polymer, 40(20):5505-5512.
[2] Petrie, E. (2005). Epoxy Adhesive Formulations, S. 319
[3] Comyn, J. (1997). Adhesion Science, S. 133
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Damage model — Differential equation

Damage model

Irreversible effects

Dca(Da Ueqc(ti): C, T)

\ .Y A Y. J
Co — 1s DC Da
Creep damage Aging damage / hygro damage
-~~~ Parameter:  Tref, 1, Thee , Pe Ba, 1, Ticas Pa UNIKASSEL
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Solution with LS-DYNA: Hy
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Solution with LS-DYNA: Hygro-thermo-mechanical damage

Damage in an unsaturated sample 0.14
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FE-Calculation and lifetime prediction under hygro-thermo-
mechanical influences: Verification

Tensile shear test under creep load at different temperatures and relative humidities
Comparison with experiment: good agreement
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[1] Laboratorium fir Werkstoff und Flgetechnik, Paderborn, Prof. Meschut
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