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Abstract

The Toughened Adhesive Polymer (TAPO) material model is assigned in LS-DYNA with the keyword
*MAT 252. The model describes the mechanical behaviour of crash optimised high-strength adhe-
sives under crash conditions and takes elasticity, viscoplasticity and damage due to plastic defor-
mation into account. In this contribution, the TAPO model is extended to temperature dependent vis-
coelasticity, plasticity and damage considering rate and thermal effects below and beyond the yield
strength. Here, the focus of the material model is on failure prediction of joints, which are bonded with
ductile-modified adhesives and subjected to service loading with low strain rates due to temperature
changes. Therefore, a linear thermo-viscoelastic model is arranged in series to a thermal strain ele-
ment and the ST.-VENANT body for the TAPO model. The linear viscoelastic material behaviour below
the yield strength is represented by the generalised MAXwWELL solid with different parallel chains of
springs and dashpots describing the equilibrium stress and the overstress. The temperature depend-
ency of the viscosities for the MAXWELL chains is taken into account by the reduced time with the shift
function of thermorheologically simple materials. Furthermore, the yield strength and the nonlinear iso-
tropic hardening parameters are empirical functions of temperature. In addition, the damage evolution
of the TAPO model is extended with functions of temperature following JOHNSON and COOK as in [1].
By reason of numerical efficiency, the spatial equations of the TAPO model are reduced to the inter-
face theory and implemented into LS-DYNA as a “user defined cohesive model” assuming a thin ad-
hesive layer between the adherends. The parameters of the constitutive equations are identified by fit-
ting the model response to the test data of the Dynamic Mechanical Analysis (DMA), shear tests with
the thick adherend shear specimen (TASS) and tension tests with the butt joint specimen (BJS) con-
ducted within the range from ambient temperature to nearly glass transition. Finally, the constitutive
equations are validated by means of a test setup with a bimetallic specimen and the Finite Element
(FE) Analysis by comparing the model response with the measured test data.
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1 Introduction

In modern light weight design, various materials with different physical properties are assembled to
large structures, e.g. car bodies or aircraft fuselages. One common joining technology is adhesive
bonding, which allows combining a wide range of different materials, e.g. various metals, carbon fibre
composites, and polymers. Vastly loaded structures are bonded with high-strength structural adhe-
sives exhibiting high tensile strength and ductility. These properties are achieved by modifying epoxy
resin with rubber particles to improve the persistency and energy absorption up to failure by complete
fracture. The mechanical behaviour of structural adhesives is generally influenced by deformation,
temperature and stress or its rates as well as the degree of polymerisation (cross-linking). The simula-
tion with the Finite Element Method (FEM) is an efficient way to reduce costs in the development pro-
cess within the framework of computer aided design. Though, constitutive models are necessary for
the prediction of the material behaviour under various loading conditions by means of the FE analysis.
In this context, the development of phenomenological constitutive models becomes very important for
the simulation of adhesively bonded joints.

Recently, the so-called Toughened Adhesive Polymer (TAPO) model has been made available in
LS-DYNA with the keyword *MAT TOUGHENED ADHESIVE POLYMER (*MAT_252) for solid elements.
The TAPO equations describe the mechanical behaviour of structural adhesives under crash condi-
tions by taking elasticity, viscoplasticity and damage due to plastic deformation into account—see [2],
pp- 69-90, [3], pp. 250-282, [4], pp. 54-69, and [5], pp. 2-1152-2-1158. It was developed by the Insti-
tute of Mechanics (IfM) at the University of Kassel in both research projects P 676 [2] and P 828 [3].
Also, the TAPO model is applicable for the cohesive elements (ELFORM=19, 20) in LS-DYNA by
means of the option *MAT ADD COHESIVE [5], pp. 2-32—2-34, which reduces the kinematics of the
continuum to the local displacement jump, as shown in [3], p. 288, [4], p- 113, and [6]. In addition, the
constitutive equations of the TAPO model are reduced to the interface theory for cohesive elements in
[4], pp. 106 ff. The interface theory is applied to the failure prediction of adhesively bonded joints with
thin adhesive layers in [6] to [9]. Furthermore, the numerical efficiency of cohesive elements is dis-
cussed in [9].

As outlined in [2] to [9], the constitutive models are applied to predict failure of bonded structures un-
der crash conditions. Recently, the simulation of adhesively bonded joints focuses also on manufactur-
ing and service processes—see [10] and [11]. Temperature courses influence the material behaviour,
important for the design of adhesively bonded structures. Whereas the entire temperature-time history
is fundamental for the polymerisation of thermosetting resins. Especially, the thermo-viscoelastic
properties of ductile-modified adhesives must be account for in stress levels below and beyond the
yield strength.

This contribution concerns with the constitutive modelling of the temperature influence on thermoset-
ting, ductile-modified adhesives, fully cured after polymerisation of the resin. The present investiga-
tions focuses on the long-term behaviour of adhesive bonds in bimetallic structures, undergoing tem-
perature induced uneven expansions due to the difference of the thermal expansion coefficients of the
adherends. The reduced TAPO model in [4] is extended to temperature dependent viscoelasticity,
plasticity and damage with stress exposure beyond the yield strength.

The constitutive model and its consistent tangent modulus are implemented for the quasi-static FE
analysis into the code of LS-DYNA to simulate the long-term behaviour of adhesive bonds.

As shown in the validated example, the material model is suited to predict failure of joints subjected to
service loading due to evolving temperature courses below the glass transition limit.

2 Thermo-viscoelastic-plastic model with ductile damage

The thin structural adhesive layer of a joint is modelled as an interface between the adherends assum-
ing zero thickness in the model. Hence, an interfacial constitutive model (cohesive zone) is proposed
including thermo-viscoelasticity, thermo-plasticity, and ductile damage. The viscoelastic, thermal, and
plastic contributions in the model are shown as a serial arrangement of the related bodies in the rheo-
logical network in Fig. 1. On the left hand side, the generalised MAXWELL body represents the viscoe-
lastic material properties of the adhesive with different parallel chains of springs and dashpots to de-
scribe the overstress response and one parallel spring to account for the equilibrium stress in normal
and tangential direction to the interface. The material parameters k, and g, are the stiffness of the
springs whereas the constants 7, are the relaxation times of the MAXWELL chains, while k., and g,
are the stiffness parameters for the equilibrium state. The thermal strain element is connected in se-
ries to the MAXWELL body in order to describe thermal expansion of the adhesive layer in normal direc-

tion:
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A" =ay dy (0 -0, ) e, with 6,=2.28-10" K" (1) JVVNAK#‘

The relative thermal displacement is proportional to the
temperature change (9—90 and the adhesive layer
thickness d, with the unit vector normal to the inter- !
face e, ={1 0 0}" and the thermal expansion coef-
ficient a., . So, the thermal element exhibits a thermal
displacement jump due to the temperature change on-
ly. On the right hand side, the TAPO model is repre-
sented by the friction element of ST-VENANT with the
yield threshold 7, and the spring with the parameters
Hy,, gy, and b, , describing nonlinear isotropic harden- A A At
ing. The rheological network directly provides the addi- A

tive split of the local, total displacement jump A into a Fig. 1: Rheological network of the interfacial
viscoelastic, plastic and thermal contribution: " constitutive model

A:Avr +A1h +Apl (2)

2.1 Thermo-viscoelastic constitutive model

The interface traction t is postulated as a functional of the viscoelastic displacement jump A™. lts
constitutive parameters are a function of the temperature course 6(t) .

6t) = Fret {A™(7)im, 8} (3)

with the time variables ¢t and r—see [10], p. 177, Eq. (6.4). A thermorheologically simple material
behaviour is assumed for the sake of temperature dependent relaxation times—see [12], [13], pp. 266
ff, [14], pp. 202 ff. Due to the time-temperature shift, all relaxation times 7;° are described with two
functions of temperature for the normal (n) and tangential (s ) direction of the interface at(6) and
ar () . These functions are known as shift functions—see e.g. [15], p. 95. Furthermore, the reduced

times &, and &, are introduced, determined by time integrals of the empirical shift functions

I’ ds I’ ds
@(t)—fm, 55“):[@% ok (4)

0

to take into account the influence of the temperature course 6(¢t) on the relaxation times. The time-
temperature shift functions consist of an ARRHENIUS-typ equation for temperatures below the reference
levels 0z and 6 and the WILLIAMS-LANDEL-FERRY equation [16] for temperatures beyond the refer-
ence points.

waré-el] if 0<op
. R
ar (9) = o (9 _ 9}1;,5) (5)
exp BT —— if 0 > 9;;5
C3* + 60— 6

with the material parameters E£,*, C", and C,”.

The viscoelastic traction is written as a convolution integral over the viscoelastic displacement jump
A with the kernel functions R, and R, in normal and tangential direction of the interface as follows:

& (t)

t= [ R(&(0-7)

—00

dAa)”

dr

dAy*

dr e, + 1
-

& (1) ve &(t
da dr e, (6)

L(t )
JREH-n="=dr et [ RE®D-T)

oo

Both, the traction vector, t ={t, t, t,}", and the displacement jump vector, A ={A, A, A,}",
act in normal, tangential, and binormal direction of the interface. According to [17], p. 60, Eq. (3.3-4),
the kernel functions R, and R, are decoupled. From the rheological network of linear springs and
NEWTON dashpots, the functions R,(f) and R,(t) follow as DIRICHLET-PRONY series for a total of M
MAXWELL elements for the normal and each shear component:
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2.2 Temperature dependent TAPO interface constitutive model

(7)

The scalar damage variable D is introduced to describe isotropic damage in the adhesive layer. The
definition of damage is based on KACHANOV [18] as the ratio of the damaged to the initial cross section

area A, and A,, respectively—see Fig. 2. It is considered in

the equations of the constitutive model by using the concept p;ly:ICC:ll e;fe;’gge
of effective stress as in RABOTNoOV [19]. Here, the nominal P P
traction vector t in the convolution integral (6) is related to F.o
the effective traction vector t according to RABOTNOV's pro- 1 ’
posal: s
f——t with p=“ @) [A~L :

_ Ao

In addition, the strain equivalence principle is assumed,
which postulates the equality of the strains for the damaged
nominal state (physical space) and the undamaged effective
state (effective space), ¢ = £, see Fig. 2. As a consequence,
it leads to the equality of all internal variables of the strain-
type, for example " = é” —see e.g. [20]. In the TAPO co-
hesive zone model, the interfacial yield function f depends
on the normal component ¢, and the resultant shear stress
# =+t +1° of the effective interface traction t as well as
the yield stress 7, and the yield threshold 7, in Eq. (9). In addition, the plastic potential f~ (9), is
presented for a non-associated flow rule to avoid the evolution of the normal plastic displacement
jump A,” during a simple shear process.

Aq
lF,o

0<D<1

D=0

Fig. 2: Motivation of damage and con-
cept of effective stress

F=#rani o) -t F="+a(i) - ©

Both functions are defined by using the MACAULEY bracket (z) = (x+|x|)/2 to obtain asymmetric
functions in tension (%, > 0) and compression (f, < 0)—cf. [4], pp. 107 f., Egs. (7.98), (7.99). In
Egs. (9), the coefficients @, d,, and @, are constitutive parameters and may depend in principle on
temperature change 6 — 6, :
@y = d [1+m32 (9—90)} (10)
with the material parameters a,, and m... The yield function f and the plastic potential f~ are de-
picted in Fig. 3—cf. [4], p. 108. Both, the yield function and the plastic potential are elliptic in the first
quadrant of the tension-shear-diagram for ¢, > 0. If #, <0, the yield function changes into the
DRUCKER-PRAGER-like criterion and the plastic potential to the VON Mises-like potential due to the
MACAULAY bracket (t}> in Egs. (9)—see second quadrant of the tension-shear-diagram in Fig. 3. The
rate of the plastic displacement jump A™ is derived from the plastic potential (9), with the effective
traction t and the plastic multiplier \:

Fig. 3: Yield function f and plastic potential f* in t, -7 -diagram at 6,—cf. [4], p. 108, Fig. 7.16
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The strain equivalence principle leads to non-damaged plastic flow in the effective stress space—cf.
[4], p. 108. For the internal variable of the displacement-jump-type,  means the plastic arclength giv-
en by the EucLIDean norm of the non-associated flow rule (11):

i = VA AT o (a (5)) 1 (12)

cf. [4], p. 108 f. The yield stress 7, in Egs. (9) depends on the initial yield threshold 7, and the stress
of the nonlinear isotropic hardening R, which are both functions of the temperature 6 considering the
thermal influence on the TAPO plasticity model. Furthermore, the nonlinear isotropic hardening part R
is a function of the accumulated plastic arclength r :

T, = 74(0) + R(r,0) with
Ty = %{1 + tanh[mT (97 - 6)”and (13)

R(r,0) = 4,(6)|1 ~ exp(~b,(6) )

+HyO)r

The initial yield threshold (13), is modelled with a hyperbolic-type function of temperature, defined by
means of the constitutive parameters 7,, m, and 6, . In contrast to [10] (pp. 203 f.), the parameters in
the hardening part ¢,, by, and H, follow best hyperbolic tangent functions, which are well defined in
the whole range of the absolute temperature ¢ € [0,00):

go = %0{1 + tanh[mq (Qq - 9)}} +qu,

by :%{Htanh[mb (070bﬂ}+bl, (14)

hyo
H, = ?{1 + tanh[m,, (9 — 0, )]} + hy,
with the material parameters ¢, by, ho, m,, my, m;, 6,, 6, and 0,.

2.3 Temperature dependent damage approach

A ductile damage approach is proposed for the TAPO model to predict damage due to the plastic de-
formation r , see [3], pp. 267 ff, [4], pp. 60 ff, and [5], p. 2-1157. In this contribution, the damage vari-
able D is driven by the EucLIDean norm of the vector for the mechanical displacement jump A™:

wo_ ¢ nnp ) w ¢ np—1 . vp
p—(A7=4 , D=ny(A =4 AT with (15)
At_AL Af_AL Af_A(
A" =AY - A" and A" = A" + A" .

The damage evolution (15), is controlled by the exponent ny;,, the critical A°, and the displacement
jump A" at failure. In detail, A° describes the displacement jump at damage initialisation (tensile
strength) and A" is the displacement jump at failure of the adhesive in the sense of the approach by
JOHNSON and Cook in [1]. Both, A° and A" are functions of the stress ratio

T:<£n>/ [i2/3+7 (16)

according to [4], p. 109. The thermal influence on damage is included by the functions for A° and A’
according to JOHNSON and COOK in [1]:

AC = [du + dyy exp(—d, (Tm 1-mi(0—0))] , A" = [dl +dy exp(—ds (Tm 1-me(0-0)), (17)

with the constitutive parameter m;, the room temperature 6, at the reference state and d,, d, di,
dy, and d;.
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24 Implementation

The constitutive equations shown are implemented into the FE software LS-DYNA as a user defined
cohesive model for the eight node cohesive zone element (ELFORM=19,20)—see [5], pp. 2-264 ff.
The thermo-viscoelastic convolution integral is numerically integrated with the recursive, implicit one
step algorithm by TAYLOR et al. [21] and solved with the equations of the TAPO plasticity model by a
predictor corrector scheme. The consistent tangent modulus is also implemented into LS-DYNA for the
quasi-static FE analysis of the long-term behaviour of adhesive bonds.

3 Parameter identification and verification

The parameters of the thermo-viscoelastic model are identified by means of tests with bulk specimens
of the adhesive BETAMATE 1496V by Dow Automotive [22] by
using the Dynamic Mechanical Analysis (DMA) at the Labora-

[-

n,s
T

tory for Material and Joining Technology (LWF) at the Universi- S 10" ¢ : —
ty of Paderborn. The DMA tests are conducted in the bending § normal aST """""""
and the shear mode to identify the parameters in the DI- § 10"} ™ shear ay -
RICHLET-PRONY series for the elastic F(¢,6) and shear modu- E
lus G(t,0) in time ¢ and temperature 6 by the time- = 10° F
temperature shift. Here, the elastic parameters F(¢,6) and 3
G(t,0) are approximately used for the interface stiffness in the o 100
normal and tangential direction (7) with the layer thickness d, %
as follows: £ 1070}
joR e,

R,(1,0) ~ E(t,0)/d. , R.(t.0) ~ G(1,0)/d; (18) £ qg-10 SR S S

) . ) . . & 280 320 360 400 440 480
The time-temperature-shift functions a1 (0(t)) and ax(0(t)) are g temperature § [K]

identified empirically at the LWF by shifting the complex moduli

of different isothermal temperature states along the frequency Fig. 4. time-temperature shift func-
axis to obtain a single smooth master curve. Thus, the bending tions (LWF)

mode provides the data for the time-temperature-shift function for the normal direction and the shear
mode comprises the shift function for the tangential direction of the interface—see Egs. (5). Therefore,
the ARRHENIUS and the WILLIAMS-LANDEL-FERRY equation (5) are fitted to the empirical test data of the
time-temperature shift along the temperature axis—see courses in Fig. 4.

Tests with the thick adherend shear specimen (TASS) and the butt joint specimen (BJS) are conduct-
ed for different constant temperature states at the LWF—see [10], pp. 46-71. The TASS consists of
two prismatic steel adherends bonded by an adhesive with constant layer thickness d, = 0.3 mm and
an overlap of 5 mm in the stepped region—see Fig. 5 (a) and [10], p. 13. In the test, the adhesive lay-
er is sheared by moving one of the adherends in the direction tangential to the plane of the adhesive
layer with the time-displacement course w,(t), while the other one is clamped. During the test, the rel-
ative displacement between the adherends
A(t) is controlled to ensure the nominal shear
rate tany = A, /d, =2.0-107° s7'. The result- adhesive
ing force Fi(t) is measured by a load cell at
one of the clamps of the specimen. The test
provides the measured data of the relative dis-
placement between the adherends A,(¢) and (a)
the related force Fi(t). The butt joint specimen
consists of two cylindrical, stepped adherends
made of steel, which are bluntly bonded by an
adhesive with the same layer thickness as de-
fined above—see Fig.5(b) and [10], p. 14.
Again, one of the adherends is fixed and the (p)
other one is displaced normal to the plane of _, . . .
the adhesive layer with the time-displacement F/9- 97 () TASS and (b) BJS with geometrical di-
course u,(t). The relative displacement be- mensions in [mm], see [1.0]’ p- 13-14

tween the adherends A,(t) is monitored to force a nominal strain rate of ¢ = A, /d, =2.0-107° s
throughout the test.

020

steel
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Hence, the test provides the measured data of ™ adhesive layer
the relative displacement between the ad- == “5 T DOF
herends A,(t) and the related force F,(t) of T clamped
the load cell versus time. The FE models take w =0
advantage of the symmetry of the specimens o =0
in order to reduce the number of elements and (a)
nodes—see Fig. 6. In both FE models, the ad-
herends are meshed with solid elements
(ELFORM=2) and the adhesive layer is mod-
elled with cohesive elements (ELFORM=19).
For the steel adherends, the isotropic hypo- rigid bodies ©~ DOF w =0
elastic material model (*MAT_001), suitable (b) clamped ¢, =0
for large rotation and small strains, is used

with the elastic modulus E, = 210000 N/mm F/g 6: FE model of the (a) TASS and (b) the BJS

and the Poisson ratio u, =0.3—see [3], with part declaration and boundary conditions
p. 2-64. The density is set to 6, = 7850 kg/m

on the material card. Moreover, the temperature dependent TAPO cohesive model is invoked with the
keyword *MAT USER DEFINED MATERIAL MODELS to describe the behaviour of the adhesive bond
for the cohesive elements. The adherends of the specimens are connected with the clamps of the ten-
sile testing machine by screws in the test setups. For simplicity, the screws in the adherends are mod-
elled with rigid bodies as shown in the FE models in Fig. 6.

The time-displacement courses of the tests are prescribed for the green rigid bodies with the keyword
*BOUNDARY PRESCRIBED_ MOTION RIGID, whereas the yellow rigid bodies are clamped in order to
disable all translational u, and rotational ; degrees of freedom (DOF). Also, adequate boundary
conditions are prescribed in the symmetry planes of both specimens.

In a second identification step, the instantaneous stiffness parameters k, =k, + Z k; and
90 = go + Z g, of the DIRICHLET-PRONY series are fitted to the first slope of the data in Fig. 7 (a) and
(b) measured in the tests with the TASS and BJS to accomplish the stiffness of the adhesive bond.

Here, the participation factors v;' = k;/k, , vi =ks/ky and vi =g:/g0, V% = g~/g0 are kept con-
stant between the instantaneous stiffness parameters k,, g, and the stiffness parameters of the indi-
vidual MAXWELL chains k;, ¢; and the equilibrium stiffness k. and g.. .

Furthermore, the material parameters for the extended TAPO model and the damage approach are
inversely identified by fitting the model response of the FE simulation to the related test data of the
TASS and the BJS in Fig. 7 (a) and (b)—see [10], pp. 46-71. The result of the identification is added to
Fig. 7 comparing the data of the FE result to the test data for the performance of the model in the veri-
fication step for different temperature states. It can be observed that the actual yield stress in tension
and shear strength steadily decrease with rising temperature, whereas the critical strain at the shear
strength increases. In the simulation, the traction is dominated by the overstress in the MAXWELL ele-
ments for the quasi-static loading in both test series due to the small equilibrium stiffness k.. and g.. .

' rigid bodles

adherends (stee adhesive layer

40 . : . : ‘ 40 : .
oC @ LWF 22°C @
35 LWF 22°C | 35 |
IfM 22°C —— IfM 22°C ——
_ 30 _
LWF 40°C ---O-- LWF 40°C ---©---

_ . 25 J
= IfM 40°C —— = IfM 40°C ——
=3 LWF 60°C =, LWF 60°C
& 1 © 15 1

IfM 60°C IfM 60°C
10 LWF 80°C ----x--- 1 1
5} IfM 80°C —— - 1
0 1 1 1

2
() tan |- (b)

Fig. 7: Comparison of test data from the LWF (dashed lines with symbols) and model response (solid
lines) with identified parameters of (a) TASS and (b) BJS
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4 Model validation

A bimetallic specimen is tested at the LWF in Paderborn for the purpose of validation—see [10], pp.
237 ff. It consists of an aluminium and a steel sheet strip with different thermal expansion coefficients
al’! =2.4-10° K" and off =1.3-10° K", respectively. For the steel sheet strip, the material pa-
rameters are the elastic modulus E,, = 210000 N /mm’ and the Poisson ratio s, = 0.3, whereas the
parameters of the aluminium strip are taken as E, = 70000 N/mm® and pu, = 0.34 . The densities of
the steel and aluminium sheet are set to 6, = 7850kg/m® and 6, = 2700kg/m® . Both strips are
joined with the cured, thermosetting, ductile-modified, structural adhesive BETAMATE 1496V at the right
hand side and clamped at the left hand side as shown in Fig. 8 (a). The specimen is heated in the ov-
en to achieve a temperature induced thermal expansion of the sheet metals, leading to shear defor-
mations in the adhesive. The bimetallic specimen is tested to investigate the displacement due to
bending and shearing of the adhesive under arbitrary thermal loading. The deflection «, at the tip and
the relative displacement between the sheets at

thel adhesi\(e bond Au, are mgasured with an ! 4 gé|amping adhesive . 58, _ ¢
optical device under a typical time-temperature " 7 L/f/l —
loading. Therefore, the specimen is linearly — = 50
heated up from nearly room temperature to 7 \spacer uzl

about 81 °C within 6 min, followed by a hold time (@) = 0.3

at about 81 °C for 125 min and an uncontrolled
cooling process up to nearly room temperature
as shown in Fig. 9. Finally, the test data of the

bimetallic specimen are compared to the data of
the related FE simulation for the validation of the
constitutive equations of the temperature de-

B aluminium
H steel
H adhesive

pendent TAPO model—cf. [10], pp. 255 ff. The (b)
bimetallic specimen is simulated with the FE- Fig- 8: Bimetallic sheet specimen with (a) dimen-
program LS-DYNA [23]. In the FE model as in sions in [mm] and (b) FE model—see [10],
Fig. 8 (b), both sheets are spatially discretised pp- 14 f

by means of the enhanced solid element (ELFORM=-2) and characterised with the isotropic hypoelas-
tic material model *MAT_001. The isotropic thermal expansion is taken into account with the keyword
*MAT ADD_THERMAL EXPANSION for both sheets.

The adhesive is discretised by using the cohesive element (ELFORM=19) and is described by the ex-
tended TAPO model as user defined. A node to node connection is applied between the cohesive and
the solid elements. The representative data of the measured time-temperature-courses of four tests is
prescribed to the nodes by means of the load curve using the option *LOAD THERMAL_LOAD_ CURVE
on the assumption of an approximately homogeneous tempera- 370.0

ture distribution across the specimen. For simplification, the 360.0 e)éPmL}}}fl\ljl o
clamp of the bimetallic specimen is not modelled in detail. Ra- <. e

ther, a set of boundary conditions is used to fix the sheets in © 350.0

space and allow thermal expansions at the clamp to prevent arti- & 340-0

ficial stresses in the sheets. In the test setup, a spacer ensures % 330.0

the distance between the sheets at the clamp—see Fig. 8. & 320.0

Therefore, the DOF in z -direction are fixed for the nodes at the g 310.0

bottom of the aluminium and the top of the steel sheet in the ar- & 300.0

ea of the clamp. Fig. 10 (a) shows the data of the tip deflection 290 0%

0 50 100 150 200 250 300 350
time ¢ [min]
Time-temperature-course

u, of the four tests in the range from 8 mm to 10 mm at the end
of the heating process. During the state of constant temperature,
they decrease to approximately 6 mm to 8 mm because of Fig. 9:
stress relaxation towards the equilibrium stress in the adhesive.
Furthermore, u, declines below its initial value after cooling down to room temperature. In Fig. 10 (b),
the test data of the relative displacement Au, are plotted versus time ¢. During the heating process,
Au, increases to approximately constant values between 0.09 mm and 0.12 mm.
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12.0 T e =
exp. LWF —e— = 014 o TWE

— 10.0 sim. IfM ------- 4 8 exp. LWE —e—
= S o122t sim. IfM ------- 4
g 80 < 2 5
— S riy = 0.1 R
& 6.0 = i
.ﬂ 4.0 g 0.08 g
3 )
2 20 S 006
& =
= 00 z 004 8
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(@) time ¢ [min] (b) & time ¢ [min]
Fig. 10: Validation of (a) tip deflection «. and (b) relative displacement Au, of bimetal specimen—cf.
[10], pp. 259 ff

Finally, the deflection at the tip . and the relative displacement Aw, of the FE simulation are com-
pared to the test data in Fig. 10 (a) and (b). As a result, the computed deflection at the tip u, is in the
range of the scatter band of the measured test data as shown in Fig. 10 (a). In Fig. 10 (b), the relative
displacement Aw, is in a good agreement with the test data, whereas the simulation data of two cal-
culations leave the scatter band of the test data during the cooling process. In the FE simulation, ine-
lastic deformations remain after the cooling process caused by residual inelastic strains in the adhe-
sive as shown in Fig. 10. The interested reader may find the used material parameters in [24].

5 Summary and Outlook

The temperature dependent TAPO model is presented describing thermo-viscoelastic phenomena be-
fore and thermo-plasticity beyond the yield threshold. Also, the material model takes temperature de-
pendent damage up to failure into account. The constitutive parameters are identified by fitting the
model response of the FE simulation to the related test data of the TASS and the BJS. The constitu-
tive equations are verified by the FE simulation of the tests with the TASS and BJS. Finally, the mate-
rial model is validated with a bimetallic test by comparing the FE simulation to the measured data in
the test. The stress relaxation is indirectly evaluated through the deflection at the tip ». and the rela-
tive displacement between the sheets Awu, with respect to temperature, deformation, and time by
means of the bimetallic specimen. In summary, the constitutive model successfully predicts the test
results of the bimetal specimen. Finally, further test have to be performed in order to proof the validity
of the proposed constitutive model. In detail, tests are needed exhibiting failure of the adhesive bond
during temperature induced deformations of the adherends.
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