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A B S T R A C T   

One of the main challenges in the joining of multi-material components is the assessment of the nature and 
magnitude of the residual stresses developing in the adhesive bond during the heat curing manufacturing pro-
cess. Numerical modeling of these residual stresses can provide insights for making informed decisions related to 
(i) material substrate properties; (ii) adhesive properties i.e., low, medium, or high stiffness; (iii) bondline ge-
ometry i.e., bondline width and bead thickness; (iv) curing cycle characteristics; and (v) fixation design i.e., type, 
spacing, the number of joints. This work presents a cure history-dependent viscoelastic-plastic material 
description for the modeling of adhesive bonded joints. The main highlight of the work is the multi-physics 
modeling package consisting of a curing kinetics model, a cure-dependent viscoelastic model, and a tempera-
ture, strain-rate dependent plastic model formulation which can be coded in any finite element solver. The 
modeling approach can predict the residual stresses in the adhesive bond due to the accumulated viscoelastic as 
well as plastic strains occurring during the heat curing process. For the purpose of validation, the model is coded 
into a user-defined material subroutine (UMAT) in LS-DYNA. The modeling approach is verified at a small 
specimen level by simulating a uniaxial tension specimen at various temperatures and strain rates. The perfor-
mance of the modeling approach is further evaluated at the component level using specially designed experi-
ments involving heat curing of a sub-sized multi-material automotive roof model. The thermal displacements and 
distortions in the roof structure captured using 3D digital image correlation are compared to the finite element 
model predictions. Several design guidelines related to adhesive selection and mechanical fixations are proposed 
as a result of the study.   

1. Introduction 

1.1. Background 

In recent times, the automotive industry has seen a huge shift from 
steel-intensive body-in-white (BIW) to highly complex multi-material 
lightweight structures making use of modern materials. The introduc-
tion and mixing of new materials (like advanced high strength steels, 
aluminum alloys, magnesium alloys, and fiber-reinforced composites) to 
create a single component has led to the development of new 
manufacturing processes and joining techniques, as the conventionally 
popular joining techniques like spot welding fail to perform [1] for 
multi-material joints. In this scenario, adhesive bonding is a viable 
method for joining dissimilar materials; it enables high-performance and 

flexible joints while eliminating the weight and cost of mechanical fas-
teners. However, adhesive bonding has its limitations. 
Automotive-grade structural adhesives are heat-cured epoxy-based 
thermosets. The heat curing process poses a critical problem pertaining 
to the differences in the coefficient of thermal expansion (CTE) of the 
joined materials; the mismatch of which has significant implications on 
the integrity and response of the BIW to external loading (mainly 
thermal). 

Due to the ease of manufacturing, and economic reasons, adhesive 
curing is combined with the automotive paint baking process. Fig. 1 
presents the phenomenon happening inside the paint baking oven. At an 
elevated temperature in the paint baking oven, the multi-material parts 
of an adhesively joined component expand at different rates and mag-
nitudes depending on their different CTE and temperature gradient due 
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to varying air convection properties. The uncured adhesive (in the form 
of a compliant viscoelastic liquid) does not pose any restriction to the 
thermal displacements in the substrates. However, the adhesive gets 
fully cured and attains its stiffness at a high temperature when the joined 
substrates are in a thermally expanded state. Due to this, the fully cured 
adhesive poses restriction to the substrate movement during the thermal 
contraction in the components during the cooling down phase. This 
(when extended to all components and different joints in a BIW) leads to 
distortion in the body structure, and more importantly harmful residual 
stresses in the adhesive-bonded joints. It is well established that the 
presence of such residual stresses is detrimental to the performance of 
the adhesive bond and thereby of the automobile body structure during 
the service life of the vehicle, particularly in case of a crash event as 
shown by Reddy et al. [2] and Akshat et al. [3]. 

It is crucial to understand the nature and magnitude of the curing- 
induced residual stresses and quantify the structural distortions to 
optimize the design and manufacturing process. Due to the absence of 
any direct and reliable technique for measuring the residual stresses in 
the adhesive bond [4], it is important to predict them using analytical or 
numerical approaches. Several works in the literature have attempted to 
model the residual stresses in the epoxy resins, especially epoxy-based 
carbon fiber composites to study the delamination behavior. The 
simplest approach is to model the residual stresses assuming the epoxy 
resin to be fully elastic, as done by Xiaogang [5] and Brauner [6]. An 
improvement to this approach was suggested by Ruiz et al. [7], and Li 
et al. [8] who used viscoelastic models to model the epoxy behavior. 
Notable work has been done by Adolf and Martin [9], Prasatya et al. 
[10], Courtois et al. [11] to model the cure-dependent viscoelastic 
behavior of toughened epoxy resins. It is established in the literature by 
da Silva et al. [12] that fully cured automotive grade adhesives exhibit 
plastic behavior in addition to the viscoelastic behavior. Another work 
by Budhe et al. [13] suggests that the adhesives show viscoelastic 
behavior during curing and some plastic behavior after getting fully 
cured. 

In a previous work, Akshat et al. [14] presented a suite of models to 
predict the manufacturing process-induced residual stresses in the 
heat-cured thermoset adhesives using viscoelastic formulation depen-
dent on the degree of cure and temperature. A simplistic yet effective 

method to evaluate the effects of the heat curing process on the 
adhesive-bonded joint was discussed, but the viscoelastic modeling 
approach can be further improved by accounting for the plastic behavior 
of the adhesive. 

Just like metals, the adhesives show rate dependency and 
temperature-dependent plastic properties [15,16]. It is also seen that the 
yield strength of the adhesive is also temperature dependent, and it 
drops with increase in temperature. The main significance of the plastic 
model lies in the cooling down phase of the adhesive bond in the paint 
baking cycle. At the start of the cooling phase, when the adhesive is fully 
cured, it begins to show viscoelastic-plastic behavior. At this stage, the 
viscoelastic modulus and the yield strength of the adhesive are low due 
to the high temperature. As the temperature decreases with time, the 
viscoelastic modulus and the yield strength increase together. At any 
stage, if the effective stress in the adhesive bond, caused due to thermal 
contraction in the substrates, becomes higher than the yield strength of 
the adhesive, the adhesive accumulates plastic strains. Considering this, 
it is necessary to model the plastic component of the adhesive to accu-
rately model the curing induced effects on the adhesive bond. 

This paper attempts to bridge that gap and provides a cure- 
dependent, temperature-dependent, and rate-dependent viscoelastic- 
plastic approach for modeling the adhesive bond during manufacturing 
(heat curing) and carrying over the manufacturing induced effects in the 
post-manufacturing (service life) phase of the component. 

1.2. Framework of the study 

The adhesive bonding process contains many aspects of material 
behavior occurring simultaneously and interacting with each other. A 
successful numerical modeling approach needs to adequately describe 
all the aspects of the ’multi-physics’ nature of the problem. The 
employed modeling approach is, therefore, divided into three compo-
nents: (i) Curing Kinetics model to calculate the degree of cure of the 
adhesive based on the time and temperature history; (ii) Degree of cure 
and temperature-dependent viscoelastic model to calculate the visco-
elastic stresses during the heat curing process; (iii) Temperature and 
strain-rate dependent viscoelastic-plastic model to calculate the residual 
stresses in the fully cured adhesive during the heat curing process and 
the service life of the adhesive bond. The three models are integrated 
and are coded into a user-defined material subroutine (UMAT) for LS- 
DYNA. 

The next section introduces the theory behind the proposed material 
models. Section 3 presents the experiments performed for model cali-
bration. Section 4 discusses the mathematical formulation behind the 
user-defined material subroutine (UMAT). In section 5, the developed 
material subroutine is validated against experiments performed at the 
component level using a small-scale automotive roof component. 

2. Material modeling 

Different parts of the BIW experience different time-temperature 
histories as they are heated inside a paint baking oven (owing to their 
different thermal properties, local air convection characteristics, design 
intricacy, and location in the structure) which directly affects the con-
ditions for adhesive curing across the structure [17,18]. The mechanical 
properties of an adhesive bond are dependent on the degree of cure of 
the adhesive. Therefore, it is crucial to accurately determine the degree 
of cure to accurately model the mechanical behavior of the adhesive 
during the curing and post-curing process. Then, we need a mechanical 
model which can predict the mechanical properties of the adhesive 
depending on the degree of cure and temperature. 

The total strain in the adhesive is decomposed into the following 
strain components: 

εtotal = εelastic + εviscous + εplastic + εthermal + εshrinkage (1) 

In a previous paper by Akshat [14], an approach was shown to model 

Fig. 1. Pictorial representation of the problem due to the thermal expansion 
and contraction in substrates during the heat curing process of an adhesive 
bonded multi-material joint. 
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only the cure-dependent viscoelastic behavior of the adhesive. In this 
paper, the modeling approach is refined to include the plastic compo-
nent of strain in the formulation. 

It is also shown in several studies that the stresses generated due to 
chemical shrinkage and thermal expansion in the adhesive itself are 
relatively small and their relevance for automotive applications are 
insignificant as compared to other phenomenon, like the CTE mismatch 
of substrates [4,19]. In a pursuit to keep the modeling simple yet 
effective, the effect of chemical shrinkage and the thermal expansion/-
contraction in the adhesive itself have been skipped from the modeling 
approach. 

Hence, this work is divided into three models, (i) Curing Kinetics 
model and (ii) Viscoelastic model (iii) Plastic model. 

2.1. Curing kinetics model 

The process of conversion of an adhesive from viscoelastic liquid 
state to a viscoelastic-plastic state in the presence of a catalyst is called 
as curing of adhesive. As discussed earlier, the automotive grade struc-
tural adhesives are heat cured adhesives, which need to be exposed to 
elevated temperatures for curing. When a thermosetting epoxy is heated, 
it undergoes a chemical reaction and gets cured to form a three- 
dimensional cross-linked network which is irreversibly locked in place 
and can’t be reformed or reprocessed. The degree of cure/conversion 
(represented as α) of an adhesive is a function of the temperature-time 
history that the adhesive is exposed to and is represented as a number 
ranging from 0 to 1. The rate of conversion with respect to time can be 
mathematically described as: 

dα
dt

= f (α).K(T) (2)  

where, f(α) is a phenomenological reaction model, while K(T) is the 
temperature dependent function defined by an Arrhenius relationship, 
which is: 

K(T)=A exp( − Ea /RT) (3)  

where, A is the pre-exponential constant, Ea is the activation energy, R is 
the universal gas constant and T is the temperature. Several reaction 
models are published in the literature which can satisfactorily predict 
the reaction rate of polymers. After an extensive literature survey, the 
reaction model chosen for this work was Kamal’s Model [20] which has 
been validated in several studies based on epoxy resins. The said model 
can be shown as: 

f (α)= (k1 + k2 αm)(1 − α)n (4)  

where, k1 is the zero conversion rate value, k2 is the auto-catalytic rate 
constant, m is the auto-catalytic exponent and n is the order of the re-
action model. 

2.2. Viscoelastic model 

Adhesives are known to show time and temperature dependent 
viscoelastic behavior. The viscoelastic properties of an adhesive depend 
on the degree of cure, so the modeling approach is divided into two 
sections: (1) Viscoelastic model for fully cured material, (2) Cure- 
dependent viscoelastic model. 

2.2.1. Viscoelastic model for fully cured material 
The time and temperature dependent properties of a thermorheo-

logically simple linear viscoelastic material at an arbitrary temperature 
(within the range) can be estimated from the properties at a certain 
reference temperature by using time-temperature superposition princi-
ple. The modulus vs. frequency curve at the reference temperature is 
known as master curve, and the properties at a lower or higher tem-
perature can be obtained by shifting the master curve left or right on the 

log frequency axis. The discrete frequency shift factors for each tem-
perature are recorded and fit to a continuous mathematical model, 
required for modeling. Owing to its versatility to a wide range of poly-
mers, the shift factors were fitted to WLF shift function [21] which is 
given by: 

Log(aT)= − A
′ T − TREF

B′
+ T − TREF

(5)  

where, aT is the frequency shift factor for the current temperature T; TREF 
is the reference temperature at which the master curve was drawn, while 
A′ and B′ are curve fitting parameters. 

The master curve which is a representation of the relaxation 
behavior of the viscoelastic material can be modeled by Generalized 
Maxwell Model [22,23]. The Generalized Maxwell model is mathe-
matically expressed by Prony series expansion: 

G(t, α)=G0(α)
(

1 −
∑

j

Gj,α=1

G0,α=1

(
1 − e− βjt

)
)

(6)  

where, G0(α) is the instantaneous shear modulus as a function of the 
degree of cure, j represents the number of terms in Prony series expan-
sion, Gj,α=1 is the shear relaxation modulus for the jth term for the fully 
cured material and βj is the shear decay constant for the jth term for the 
fully cured material. The Generalized Maxwell Model equation can be 
expressed in terms of the instantaneous modulus G0 or the long term 
(equilibrium) modulus G∞ which are equivalent. It was presented in 
terms of G0 here. As per Eq. (6), at time t = 0 the value of G(t) = G0, 
while at time t = ∞ the value of G(t) becomes G∞. 

2.2.2. Cure-dependent viscoelastic model 
The fundamental need in establishing cure dependence is to predict 

the instantaneous modulus at a certain cure level and an approximation 
of the relaxation behavior at that cure level. Several authors have dis-
cussed the phenomenon of gelification. A resin’s gel point represents a 
certain degree of cure which is associated with the start of buildup of its 
mechanical properties. Several authors assumed that below the gelation 
point, the adhesive is so compliant that the modulus is negligible, and all 
the stresses are immediately relaxed [9,11]. 

The popular approach used in modeling is to assume that the cure- 
dependent relaxation behavior (i.e., the relaxation time) is same as 
that of a fully cured system, with the effective shift factor as a multi-
plicative product of temperature shift and cure shift [11,22,23]. Kim and 
White [24] proposed an enhancement to Maxwell model by making 
instantaneous modulus, relaxation modulus and decay constants as a 
function of degree of cure. Another approach is to use phenomenological 
models like DiBenedetto equation which calculate the glass transition 
temperature based on the degree of cure and then use the glass transition 
temperature to predict the shift factors of the viscoelastic model. The 
approach used in this work is based on the work of Bogetti and Gillespie 
[25], who used a mathematical equation to determine the 
cure-dependent equilibrium modulus using the degree of cure and full 
cure equilibrium modulus. The dependency of the equilibrium modulus 
is approximated by using the following equation: 

G∞(α)=G∞(1)

(
α2 − α2

gel

1 − α2
gel

)8/3

(7)  

where, G∞(1) is the equilibrium modulus at full cure, αgel is the cure level 
at the point of gelification and α is the cure level at which the modulus is 
to be determined. The evolution of G0 with cure is considered to be the 
same as G∞, i.e., G0 grows from 0 at the point of gelification to its highest 
attained value at full cure in the same ratio as G∞. For the sake of 
keeping the formulation simple, it is assumed that the relaxation 
behavior at the time of curing is like the relaxation of fully cured ma-
terial i.e., the temperature dependent shift factors obtained for a fully 
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cured adhesive will be used for modeling the partially cured adhesive. 
The consequences of this assumption will be evaluated in the experi-
mental validation section of the paper. 

2.3. Plastic model 

The plastic model defines the trend of the stress-strain curve of a 
material after the yield limit. For defining the temperature and rate 
dependent nature of adhesives, the plastic constitutive model in the 
current formulation should take into account the effects of temperature 
and strain rate. For this purpose, the flow stress is defined by the 
Johnson-Cook flow stress model [26] which is defined by the following 
equation: 

σ =(A′′ +Bεn)(1+CLog10 ε̇*
)(1 − T*)

m (8)  

T ∗ = (T − T0)/(Tm − T0) (9)  

ε̇*
= ε̇/ε̇REF (10)  

Where ε is the plastic strain, ε̇ is the plastic strain rate, ε̇REF is the 
reference quasi-static plastic strain rate, T0 is the reference temperature, 
Tm is the reference melt temperature, and A′′, B, C, m, and n are material 
constants. The choice of the plastic model will be evaluated based on the 
fit of the experimental curves. 

The modeling approach is based on two basic assumptions:  

(i) The cure-dependent behavior of the adhesive is modeled using 
the viscoelastic material description, and the adhesive behaves 
purely viscoelastic when it is partially cured (Degree of cure α <
0.9).  

(ii) The temperature dependent plastic behavior of the adhesive is 
active only after attaining a fully cured state (Degree of cure α >
0.9). The reason behind this assumption is that the viscoelastic 
stresses in the partially cured adhesive are significantly small and 
do not ever cross the plastic yield limit. 

The next section of the paper discusses the experiments performed 
and the approach used in calibrating the above material models from the 
experimental data. 

3. Experiments and model calibration 

The adhesive used in this work is an automotive-grade structural 
adhesive Henkel Teroson EP 5089. It is a single component epoxy-based 
thermosetting adhesive. Three sets of tests were run on the adhesive to 
calibrate the material models. They are Differential Scanning Calorim-
etry (DSC) to calibrate the curing kinetics model, Dynamic Mechanical 
Analysis (DMA) to calibrate the viscoelastic mechanical model, and 
uniaxial tension tests at high temperatures and varying strain rates to 
calibrate the plastic mechanical model. 

3.1. Calibration of curing kinetics model 

Adhesive curing is an exothermic process which means that energy is 
expelled when an adhesive is being cured. The energy released during 
curing of a thermosetting adhesive can be captured using DSC tests as 
shown in several studies. This is achieved by exposing the uncured ad-
hesive specimen to a controlled temperature ramp and analyzing the 
characteristics of the resulting exothermic cure peak while the adhesive 

cures in the DSC. In this work, DSC measurements were performed using 
DSC Q20 model from TA Instruments. Prior to the test, a specified 
weight of Teroson EP 5089 adhesive was cooled in the machine from 
room temperature to − 40 ◦C for conditioning for at least 5 min. And 
then the DSC scans were run by heating the sample from − 40 ◦C to 
250 ◦C at constant heating rates of 0.5, 1, 2, 5, 10 and 20 ◦C/min. DSC 
tests were also performed at isothermal conditions at 140 ◦C and 160 ◦C. 
A sample DSC map normalized with the adhesive weight for heating 
rates of 0.5, 1, 2 and 5 

◦

C/min is shown in the appendix Figure A1. The 
readers can download the DSC data for EP5089 in raw format from 
Ref. [27] for reproducing the work. 

The DSC curves were numerically transformed to give the degree of 
cure vs. temperature and time curves as shown in the appendix 
Figure A2. For a detailed explanation of the model fitting procedure, the 
readers can refer to previous publications by Akshat et al. [14,28]. 

The fitting parameters for the curing kinetics model given in Eqs. 
(2)–(4) for EP 5089 are given in Table 1. 

The calibrated curing kinetics model was validated against the 
experimental curing curves for heating rates of 10 and 20 

◦

C/min and 
isothermal tests at 140 ◦C and 160 ◦C. A comparison of the model esti-
mation and experimental curves is shown in the appendix Figure A3 and 
A4. 

3.2. Calibration of viscoelastic model 

3.2.1. Fully cured material 
Henkel Teroson EP 5089, being an epoxy-based adhesive shows 

viscoelastic properties. The viscoelastic properties dependent on tem-
perature and frequency are measured using a dynamic mechanical 
analysis system (DMA). The output of the DMA tests are viscoelastic 
moduli (storage and loss modulus) measured at different frequencies 
and temperatures. According to the theory of viscoelasticity, the real 
part of the modulus – storage modulus GS and the imaginary part of the 
modulus – loss modulus GL combine to form a complex modulus G =

GS + iGL, where i is the imaginary unit number. The damping loss factor 
can be calculated by η = tanδ = GL

GS 
where δ is the phase shift between 

real and imaginary part of modulus. 
In this work, DMA measurements were performed with a bar in a 

torsional configuration. The DMA setup measures stress vs. strain curve 
which can be used to calculate complex moduli. The modulus was ob-
tained for a fully cured specimen for a combined frequency and tem-
perature sweep, with a 0.1% strain amplitude, for a frequency range of 
0.1 Hz–100 Hz at a temperature range of − 50 ◦C–200 ◦C at a step of 
10 ◦C. The storage modulus as a result of combined temperature and 
frequency sweep from DMA tests is shown in the appendix Figure A5. It 
is seen that with a rise in temperature, the material softens and the 
modulus decreases. The readers can download the DMA data for EP5089 
in raw format from Ref. [29] for easy reproduction of the work. 

Using time-temperature superposition principle applicable to linear 
viscoelastic materials, the modulus curves were shifted horizontally on 
the logarithmic frequency axis. For a reference temperature of 100 ◦C, 
the curves at higher temperature in the lower portion of the plot were 
shifted to the left (to lower frequencies) and the curves at lower tem-
perature were shifted to the right (to higher frequencies), in order to 
generate a smooth continuous curve. The frequency shift factors were 
recorded for each temperature and were later fit to WLF shift function, 
given in Eq. (5). The shifted modulus curve (known as Master curve at 
100 ◦C) was drawn for storage, loss modulus and loss factor, as shown in 
Figure A6. The scatter in the loss modulus values at higher temperatures 
is a result of phase changes in the material due to the actual temperature 
going beyond the glass transition temperature of the full cured material. 

The experimental master curve for EP 5089 at 100 ◦C and the shift 
factors were fit to the Generalized Maxwell model with 16 elements of 
Prony series expansion given in Eq. (6) and WLF Shift function given in 
Eq. (5), and the calibrated parameters are given in Table 2. A 

Table 1 
Calibrated parameters for curing kinetics model.  

A (1/s) Ea (kJ/mol) k1 k2 m n 

e22.06 99.72 0.26 5.16 1.15 1.46  
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comparison of the experimental and estimated values is shown in 
Figure A6 and Figure A7. It suggests that the shift factor is negative for 
temperatures higher than 100 ◦C and positive for temperatures lower 
than 100 ◦C, which means higher temperatures shift to the left and lower 
temperatures shift to the right on the frequency axis. The estimations for 
loss modulus and loss factor are wavy, which is typical for Prony series 
expansion, but represent the general trend of the experimental values. 

According to the Prony fitting results shown in Table 2, the instan-
taneous modulus (G0) of the material is 1578 MPa, while the long-term 
modulus (G∞) of the material is 6.63 MPa. This means that the material 
relaxes with time and after a long time (~1E6 seconds) the modulus 
drops to 6.63 MPa. 

The bulk modulus of the adhesive was calculated based on Poisson’s 
ratio of 0.4 and the instantaneous shear modulus of 1578 MPa. The bulk 
modulus was taken to be independent of time and conversion, K∞(α) =
K0 = K∞ = 7362 MPa. 

3.2.2. Cure-dependent viscoelastic model 
To capture the curing dependency of the material, DMA tests were 

run on an uncured sample of the adhesive between two plates in 
torsional configuration at 0.3 rad/s oscillation with a 0.1% strain 
amplitude. The adhesive was allowed to cure in the DMA while two sets 
of tests were run with dynamic temperature ramps of 5 ◦C/min and 
10 ◦C/min from room temperature to 180 ◦C and 220 ◦C respectively. 
The measurement results are shown in Figure A8 and Figure A9. 

The test data shows that the modulus for the uncured adhesive was 
negligible in the beginning and as the temperature increased with time, 
the adhesive gets cured and the modulus picks up and reaches a steady 
value which is very close to the value of equilibrium modulus (6.63 
MPa) previously calculated by Prony series for full cured adhesive, in 
section 3.2.1. The experimental results were transformed from modulus 
vs. time and temperature to modulus vs. cure using the curing kinetics 
model developed in section 3.1. The experimental results were fit to Eq. 

(7) and the best fitting for the data is obtained at αgel = 0.56 using the full 
cured equilibrium modulus value of 6.63 MPa. Figure A10 shows a 
comparison of the experimental results for modulus vs. cure along with 
the model estimation. 

3.3. Calibration of plastic model 

The plastic properties of the adhesive were studied by conducting 
tensile tests on fully cured adhesive specimens. A new methodology was 
developed to produce adhesive specimens by curing sheets of adhesive 
between two parallel steel plates. This ensured uniform thickness and 
the same curing conditions for every specimen. The steel-adhesive-steel 
sandwich for preparing an adhesive sheet was cured in a furnace at 
180 ◦C for 35 min. The procedure is depicted schematically in Fig. 2. The 
adhesive sheets were then put into a specially prepared die to shear the 
tensile dog bone specimens from them as depicted in Fig. 3. 

The adhesive specimens were pulled in tension on an Instron quasi- 
static electromechanical load frame with a 50 kN load cell. The setup 
consisted of a furnace mounted on the load frame for conducting high- 
temperature tests. The furnace had a small glass window opening 
through which optical strain measurements were done using GOM 
ARAMIS 5-Megapixel 3D-DIC system. The test setup included specially 
designed grips for high-temperature testing, which allowed easy spec-
imen loading/unloading and self-alignment of the specimen. The test 
setup is shown in Fig. 4. The tests were performed at four temperatures 
(25 ◦C, 60 ◦C, 90 ◦C, 120 ◦C) and three strain rates (1E-3/s, 1E-2/s, 1E-1/ 
s). The tests at different strain rates were performed at room tempera-
ture, while the tests at different temperatures were performed at the 
quasi-static strain rate 1E-3/s. The readers can refer to the high- 
temperature and high-strain rate tensile testing results for EP5089 
from the public repository [30]. 

The stress-strain curves obtained from the tests are shown in Figs. 5 
and 6. 

Table 2 
Parameters obtained for best fit of WLF shift function and 16 elements of Prony series expansion.  

Parameters for Prony Series Expansion Eq. (6)  

Shear Relaxation Modulus (Gj) [MPa] Shear Decay Constant (βj) [Hz]  Shear Relaxation Modulus (Gj) [MPa] Shear Decay Constant (βj) [Hz] 

G1 119.02 1.00E+24 G9 109.05 1.00E+08 
G2 143.49 1.00E+22 G10 133.60 1.00E+06 
G3 153.10 1.00E+20 G11 134.42 1.00E+04 
G4 126.43 1.00E+18 G12 129.81 1.00E+02 
G5 131.26 1.00E+16 G13 88.92 1.00E+00 
G6 102.49 1.00E+14 G14 15.59 1.00E-02 
G7 91.12 1.00E+12 G15 0.93 1.00E-04 
G8 91.79 1.00E+10 G16 0.01 1.00E-06 
G0 1578 MPa 
G∞ 6.63 MPa 
Parameters for WLF Frequency Shift Function Eq. (5) 
WLF A′ 88 
WLF B′ 751 K 
WLF TREF 373 K 
Parameters for Cure-dependent Equilibrium Modulus Function Eq. (7) 
αgel 0.56  

Fig. 2. Adhesive sheet preparation – cured between two steel sheets.  
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The stress-strain curves in Fig. 5 show the temperature-dependent 
behavior of the strength and the modulus. With an increase in the 
temperature, there is a drop in the strength and the modulus of the 
adhesive. The tests at different strain rates (shown in Fig. 6) show that 
the strength of the adhesive rises with the increase in the strain rate. The 
stress-strain curves of the adhesive can be closely compared to any 
metal, as they clearly show a linear slope in the beginning, followed by 
yielding and plastic behavior. 

In the absence of any standard and for the sake of uniformity, the 
adhesive was assumed to yield at 2% strain and the flow curve beyond a 
strain of 2% was taken for plastic model fitting. The obtained plastic 
stress-strain curves were fit to the Johnson-Cook flow stress model and 
the best-fit parameters for the model are given in Table 3. The model 
best fit vs. experimental curves is shown in Fig. 7 and Fig. 8. 

It is clear in Fig. 7 that the trend in the hardening of the stress-strain 
curves lowers with increasing temperature, except the curve at 90 ◦C 
which is an anomaly. Considering the general level of yield stresses, the 
J-C model captures the stress-strain curves at different temperatures and 
strain rates but is not able to capture the change in the hardening at 

90 ◦C. 
Thus, the adhesive material models (i) curing kinetics model and (ii) 

viscoelastic mechanical model (iii) Plastic mechanical model were 
calibrated for EP5089. In the next section, an explicit formulation of the 
material models for a user-defined material subroutine in LS-DYNA is 
discussed. 

4. User-defined material subroutine (UMAT) implementation 

The material subroutine formulation was based on the incremental 
theory of plasticity [31]. According to this theory, the strain increment 
for each time step ‘n’, the previous stress state ‘n-1’, and other history 
variables are provided to the code and are used in solving the stress state 
of the current time step ‘n’. The code initially assumes that the strain 
increment in the time step is viscoelastic, and a viscoelastic predictor 
stress state called trial stress is calculated using the viscoelastic material 
model. The code then calculates the effective stress and compares it to 
the yield stress at that total strain which is calculated using the plastic 
flow stress constitutive model. If the effective stress at the time step 

Fig. 3. Tensile specimen preparation using specially prepared die.  

Fig. 4. (a) Test setup showing furnace and 3D-DIC (b) Custom grips for high-temperature tensile testing on adhesive samples.  
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exceeds the flow stress, it represents that the material has yielded. The 
stresses are then cut back by the plastic corrector term to fall on the flow 
stress curve using the cutting plane algorithm. After several iterations, a 
converged value of plastic strain and stress state is obtained and is re-
ported back to the program. 

4.1. Implementation of viscoelastic material description 

The implementation of the viscoelastic model was based on a 
generalized Maxwell element. Considering a purely isochoric visco-
elastic behavior, the stress tensor for the next time step is the sum of the 
pure elastic stress and a factor governing the viscoelastic contribution 
from each branch of the generalized Maxwell element: 

dev σ n+1 = dev σ n+1
0 +

∑N

j=1
h n+1

j (11)  

Where n is the time step and N is the number of branches in the Maxwell 
model. The elastic stress follows the basic linear-elastic relationship 

given in Eq. (12) with C
=e 

being the isotropic elasticity tensor. 

σ n+1
0 = C

= e
ε n+1 (12) 

The vectors h j are internal state variables (isochoric part) for each 
branch j of the Maxwell element which account for the stress contri-
bution due to the viscoelastic behavior. They describe the relaxation 
behavior in terms of the decay of stresses. Similarly, the vectors vj are 
internal state variables for the volumetric part. 

The isotropic elasticity tensor operator in Eq. (12) is: 

C
= e

= λ1 ⊗ 1 + 2G∞

∏=

(13) 

If λ = (K∞ − 2/3G∞) and G∞ are the first and second Lame constants 

and 
(

1 ⊗ 1
)

ijkl
= δijδkl and 

∏
ijkl =

1
2 (δikδjl +δilδjk) are the second-order 

and symmetric fourth-order identity tensors respectively. 
Applying the same relationship for the viscoelastic decay of stresses 

also to the volumetric stress, the stress tensor for the step n+1 can be 
calculated from the given equation: 

Fig. 5. Stress-Strain curves for the adhesive EP5089 at different temperatures at strain rate 0.001/s.  

Fig. 6. Stress-Strain curves for the adhesive EP5089 at different strain rates at room temperature.  

Table 3 
J-C model parameters for EP5089 adhesive Eq. (8).  

A’’ (MPa) B (MPa) C m n To (K) Tm (K) ε̇REF (1/s) 

4.5 20.5 0.078 1.66 0.18 333 408 0.001  
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σ n+1 = dev σ n+1 +
1
3

trσ n+11= dev σ n+1
0 +

∑

j
h n+1

j +

(

K∞εn+1
V +

∑

j
vn+1

j

)

1

(14) 

Because 

trσ n+1 = 3 K∞εn+1
V (15) 

The evolution of the history variables h n+1
j and vn+1

j is defined by the 
following expressions given in Eqs. (16) and (17). 

For the isochoric part, 

h n+1
j = exp

(

−
Δt
βj

)

h n
j + γj

1 − exp
(
− Δt

βj

)

Δt
βj

[
dev σ n+1

0 − dev σ n
0

]
(16) 

For the volumetric part, 

vn+1
j = exp

(

−
Δt
κj

)

vn
j + kj

1 − exp
(
− Δt

κj

)

Δt
κj

K∞ΔεV (17) 

In these expressions, the relaxation functions are defined in a 
normalized form, i.e., instead of the shear modulus and the bulk 
modulus the dimensionless values γj =

Gj
G∞ 

and kj =
Kj
K∞ 

are used. 

dev σ n
0 = σ n

0 −
1
3

tr
(

σ n
0

)
1 = C

= e
ε n − K∞εn

V 1 (18) 

The last term in Eq. (16) may now be transformed in the following 
way: 

dev σ n+1
0 − dev σ n

0 = dev
(

σ n+1
0 − σ n

0

)
= dev

(
C
= e

ε n+1 − C
= e

ε n
)

= dev
(

C
= e

Δε
)
= C

= e
Δε − K∞ΔεV 1

(19) 

Substituting Eq. (19) into (16) gives 

h n+1
j = exp

(

−
Δt
βj

)

h n
j + γj

1 − exp
(
− Δt

βj

)

Δt
βj

[
C
= e

Δε − K∞ΔεV 1
]

(20) 

An equation for the stress update can be derived using Eq. (14) 

σ n+1 =
1
3

trσ n+1
0 +

∑

j
vn+1

j 1 + dev σ n+1
0 +

∑

j
h n+1

j

= σ n+1
0 +

∑

j
vn+1

j +
∑

j
h n+1

j

= C
= e

ε n+1 +
∑

j
vn+1

j 1 +
∑

j
h n+1

j

(21) 

The above equations were changed to Voigt notation to develop a 
FORTRAN algorithm that can be used to implement in a user-defined 
material subroutine in LS-DYNA.  

σ = (σ11 σ22 σ33 σ12 σ23 σ13)
t

ε = (ε11 ε22 ε33 ε12 ε23 ε13)
t (22) 

In this notation, the first term of Eq. (21) has the following form:  

Fig. 7. Experiment vs. J-C model fit for stress-strain curves at different temperatures.  

Fig. 8. Experiment vs. J-C model fit for stress-strain curves at different strain rates.  
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C
= e

ε n+1 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

λ + 2G∞ λ λ 0 0 0

λ λ + 2G∞ λ 0 0 0

λ λ λ + 2G∞ 0 0 0

0 0 0 2G∞ 0 0

0 0 0 0 2G∞ 0

0 0 0 0 0 2G∞

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

ε n+1

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2G∞ε11
n+1 + λ

(
ε11

n+1 + ε22
n+1 + ε33

n+1)

2G∞ε22
n+1 + λ

(
ε11

n+1 + ε22
n+1 + ε33

n+1)

2G∞ε33
n+1 + λ

(
ε11

n+1 + ε22
n+1 + ε33

n+1)

2G∞ε12
n+1

2G∞ε23
n+1

2G∞ε13
n+1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2G∞ε11
n+1 + λεV

n+1

2G∞ε22
n+1 + λεV

n+1

2G∞ε33
n+1 + λεV

n+1

2G∞ε12
n+1

2G∞ε23
n+1

2G∞ε13
n+1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(23) 

The last term in Eq. (21) looks like this in the Voigt notation:  

C
= e

Δε − K∞ΔεV 1 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

2G∞Δε11 + λΔεV
2G∞Δε22 + λΔεV
2G∞Δε33 + λΔεV
2G∞Δε12
2G∞Δε23
2G∞Δε13

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

− K∞

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ΔεV
ΔεV
ΔεV
0
0
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(24) 

Substituting Eq. (24) into (20) gives 

Fig. 9. (a) Viscoelastic-plastic model performance in FE simulation (dashed lines) vs. experimental stress-strain curves (solid lines); (b) Geometry used for 
FE simulation. 

Fig. 10. Experimental setup for component-level validation on a scaled-down 
roof model. 

Fig. 11. (a) Steel frame; (b) adhesive applied on the frame; (c) aluminum flat panel mounted on the frame.  
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Fig. 12. (a) Thermocouple locations; (b) Temperature profile for the curing cycle recorded by four thermocouples.  

Fig. 13. (a) Test Specimen with adhesive only; (b) Finite element model with adhesive only, clamped on the top left corner.  

Fig. 14. (a) Test specimen with adhesive and mechanical fixations; (b) Finite element model with adhesive and mechanical fixations.  
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h n+1
j = exp

(

−
Δt
βj

)

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

hj,11
n

hj,22
n

hj,33
n

hj,12
n

hj,23
n

hj,13
n

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

+ γj

1 − exp
(
− Δt

βj

)

Δt
βj

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

2G∞Δε11 + (λ − K∞)ΔεV
2G∞Δε22 + (λ − K∞)ΔεV
2G∞Δε33 + (λ − K∞)ΔεV
2G∞Δε12
2G∞Δε23
2G∞Δε13

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(25) 

The above equations were transferred to a FORTRAN subroutine. The 

Table 4 
Material properties for steel rails, friction element welds and aluminum flat 
panel used in the FE model.  

Property Steel Frame; Friction Element Weld 
(@298K - @573K) 

AA5754 Flat Panel 
(@298K - @573K) 

Young’s Modulus 205 GPa–200 GPa 69 GPa–55 GPa 
Yield Strength 650 MPa–500 MPa 145 MPa–80 MPa 
CTE 1.10E-5 (1/K) 2.10E-5 (1/K) 
Tangent Modulus 10 GPa–6 GPa 10 GPa–3 GPa 
Thermal 

Conductivity 
55 W/m K 230 W/m K 

Density 7.87 g/cm3 2.7 g/cm3 

Poisson’s Ratio 0.28 0.33  

Fig. 15. Points selected for comparison between the test and FE predictions in (a) DIC Strain Map; (b) FE model.  

Fig. 16. X-displacement (mm) prediction from finite element model vs. DIC generated values for Model-I (with adhesive only) at the end of heating phase and 
cooling phase. 
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parameters required for the viscoelastic material law coded in the ma-
terial subroutine are G0 instantaneous shear modulus; Gj, βj shear 
modulus and shear relaxation time for the jth branch of the generalized 
Maxwell element; K0 instantaneous bulk modulus; Kj, κj bulk modulus 
and bulk relaxation time of the jth branch of the generalized Maxwell 
element. 

4.2. Implementation of plastic constitutive equation 

In terms of incremental stress updates used by typical FEA codes, the 
viscoelastic stress result is the predictor stress or trial stress and now the 
plastic corrector step needs to be added if the yield limit is exceeded. 

The formulation was based on the isotropic Von-Mises yield function 
to calculate the effective stress from the stress state. 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2
[
(σ11 − σ22)

2
+ (σ22 − σ33)

2
+ (σ33 − σ11)

2
+ 6(σ12

2 + σ23
2 + σ13

2)
]

√

(26) 

The flow stress used in the formulation was based on the Johnson- 
Cook flow stress model, given in Eqs. (8)–(10). 

The yield function represented by Eq. (26) can be written as: 

φ
(
σ, εP, ε̇,T

)
= σ
(

σ ,T
)
− H

(
εP, ε̇, T

)
= 0 (27)  

where H is the hardening rule defined by Eq. (8). T is the temperature 
during the thermal time step. 

The equations used for iteratively integrating the plastic constitutive 
equations for rate and temperature-dependent plasticity with associated 
flow rule are: 

Associative flow rule ε̇P
= λ̇

dφ
dσ (28)  

Yield Function φ ≤ 0 (29)  

Normality parameter λ̇ ≥ 0 (30)  

Kuhn − Tucker
condition λ̇ φ= 0

(31)  

Consistency
condition λ̇φ̇= 0

(32) 

where λ̇ is the plastic multiplier. 

4.3. Verification of the modeling approach 

4.3.1. Verification of curing kinetics and viscoelastic model 
The material subroutine was tested and debugged on simple single- 

element finite element models. This approach was used to eliminate 
the effects of other parameters and isolate the performance of the in-
dividual components. An uncured element was modeled to cure on a 
temperature cycle of 100 ◦C–250 ◦C at different heating rates and the 
cure vs. time model prediction was compared to the mathematical 
results. 

The viscoelastic model was also verified using a single element 
model for a variety of scenarios. The material subroutine was used with 
the plastic model turned off to isolate the viscoelastic behavior. For a 
strain of 10%, the stress response was extracted as an output from the LS- 
DYNA model. The stress vs. time and imposed strain were used to 
calculate the modulus vs. time. The model was tested for different 
temperatures and the modulus relaxation curves obtained from the FE 
model at different temperatures were compared to the shifted master 
curves at the modeled temperatures. 

Fig. 17. Y-displacement (mm) prediction from finite element model vs. DIC generated values for Model-I (with adhesive only) at the end of heating phase and 
cooling phase. 
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4.3.2. Verification of viscoelastic-plastic coupled model 
The verification of the coupled response of the viscoelastic-plastic 

model was performed on a finite element simulation on the tensile 
specimen geometry. The material subroutine was used with the plastic 
model turned on, to get a combined response of viscoelastic and plastic 
models. The simulations were run for a fully cured adhesive at 20 ◦C, 
60 ◦C, 90 ◦C, 120 ◦C at a constant strain rate of 0.001/s. The predictions 
from the finite element model were in excellent agreement with the 
experimental stress-strain curves, as shown in Fig. 9. The slopes of the 
curve in the beginning determined by the viscoelastic model matches the 
experimentally obtained stress-strain curves. Although the viscoelastic 
model was calibrated using DMA data acquired in shear deformation 
mode, the predicted modulus values in tensile mode agree with the 
young’s modulus values obtained from the tensile tests. There are no 
significant negative effects of the modeling assumptions as the yield 
values and the trend of the plastic curves at different temperatures 
matched with the experimental tensile curves. This was an assurance 
that the modeling approach was reliable and could be trusted for com-
plex simulations. 

5. Component level validation – scaled-down roof model 

5.1. Experiments on scaled-down roof model 

The modeling approach and the user-defined material subroutine 
were validated at the component level by curing an adhesive bonded 
automotive roof panel in a controlled environment and studying the 
thermal effects on the structure. 

5.1.1. Experimental setup 
The experimental setup (shown in Fig. 10) used for the component 

level validation consisted of a heating chamber with a wide glass win-
dow opening on one door, to enable optical strain measurements using 
DIC. Four thermocouples were attached to the specimen to record the 
temperature profile on the surface of the specimen. During the curing 
process, the displacements in the roof panel and the roof bows due to the 
thermal expansion and contraction were recorded by GOM ARAMIS 5- 
Megapixel 3D-DIC to capture the distortion in the structure during the 
heating and cooling phase of the automotive paint baking cycle. The use 
of 3D-DIC enabled full-field displacements on the specimen surface in 
the 3D space. The temperature signal was fed to the DIC system to 
synchronize the time-temperature-displacement signals. 

5.1.2. Specimen details 
The scaled-down roof component was a 1/6th scaled-down model of 

SUV roof (1900 mm × 1100 mm). The roof component consisted of steel 
roof rails made of U-channel (3 mm thick) welded together to form a 
rigid frame. The steel frame was 320 mm × 220 mm in size which had a 
flat aluminum panel (1.1 mm thick AA5754-O sheet) of 300 mm × 200 
mm bonded to it. An adhesive layer of 0.2 mm with a bondline width of 
10 mm was applied to the steel frame. Fig. 11 shows the welded steel 
frame, adhesive applied on the target area and aluminum flat panel 
positioned on top of the steel frame and adhesive. 

The tests were conducted in two scenarios:  

• Scenario 1: Roof panel joined to the bows with adhesive only 
• Scenario 2: Roof panel joined to the bows with adhesive and me-

chanical fixations 

Scenario 1 (with adhesive only): In this case, the top left corner of 
the component was clamped with a heavy-duty C-Clamp to lock the 
movement in X, Y, and Z directions. The other three corners were held 

Fig. 18. Z-displacement (mm) prediction from finite element model vs. DIC generated values for Model-I (with adhesive only) at the end of heating phase and 
cooling phase. 
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together by spring clamps to lock only the movement in Z-direction and 
to ensure proper bonding to the adhesive. The specimen for scenario 1 is 
shown in Fig. 13(a). 

Scenario 2 (with adhesive and mechanical fixation): In this case, 
the flat aluminum panel was stuck on the steel frame with adhesive and 
held together by Friction Element Welds (FEW) by EJOT Corporation at 
a gap of 100 mm. FEW is an innovative option to join different materials 
and semi-finished multi-material parts, especially lightweight materials 
such as aluminum and advanced high-strength steel. A requirement for 
this method is the accessibility of the joining point on both sides. This 
was one of the reasons for choosing a steel U-slot for building the frame 
of the roof component. For the scope of this study, FEWs can simply be 
considered as rigid mechanical fixations which ensure that the panel was 
locked in X, Y, and Z directions, and the expansion was limited at the 
weld locations. This scenario was closer to an actual roof construction in 
an automotive BIW. The specimen for scenario 2 with adhesive and 
mechanical fixation is shown in Fig. 14(a). 

5.1.3. Test process 
After the specimens were prepared, the test specimen with uncured 

adhesive between the aluminum flat panel and steel frame was painted 
in speckle pattern, required for the DIC system. Two thermocouples 
were attached to the back of the aluminum panel and two were attached 
to the steel frame at locations shown in Fig. 12(a). The chamber was 
heated to 180 ◦C for 45 min and then was let to cool down naturally. A 
sample temperature profile recorded during the test for the four ther-
mocouples is shown in Fig. 12(b). The temperature at the rear rail, 
captured by thermocouple 1 was higher than the rest of the locations 
because of its proximity to the fan and heating elements of the heating 
chamber. The temperature profiles recorded from the experiments were 
later fed into the FE simulations. The test was stopped when the 

temperature dropped below 30 ◦C. 

5.2. Finite element modeling 

5.2.1. Model geometry 
Model I (with adhesive only): The dimensions of the finite element 

model were identical to the test specimen. The steel frame was modeled 
by a single layer of solid elements of size 5 mm. The aluminum flat panel 
was modeled using shell elements of size 5 mm. The property input for 
the steel and aluminum flat panel is given in Table 4. The adhesive was 
modeled by solid elements of size 2 mm and a bond thickness of 0.20 
mm. The hard clamp in the top left of the test specimen was modeled 
using a single solid element. The finite element model geometry is 
shown in Fig. 13(b). 

The top and bottom surfaces of the adhesive elements were tied to 
the interacting surfaces of the aluminum panel and steel frame using 
*CONTACT_TIED_SURFACE_TO_SURFACE definition in LS-DYNA. The 
top and bottom surfaces of the solid element were tied to the aluminum 
panel and steel frame, like the adhesive. The steel frame and the 
aluminum panel were modeled using the material model *MAT_ELAS-
TIC_PLASTIC_THERMAL which takes temperature-dependent properties 
of the material including coefficient of thermal expansion. The thermal 
material card used for the substrates, grips, and adhesive was *MAT_-
THERMAL_ISOTROPIC_TD_LC which takes the values for conductivity 
and specific heat capacity as a function of temperature. 

Model II (with adhesive and mechanical fixation): The dimensions 
of the model were identical to the test specimen with adhesive and 
mechanical fixations. For this case, the steel frame was modeled by solid 
elements of size 1 mm, and the thickness of the steel frame was 5 mm. 
The aluminum flat panel was modeled using shell elements of size 8 mm, 
refined to 1 mm in the critical contact region. The adhesive was modeled 

Fig. 19. X-displacement (mm) prediction from finite element model vs. DIC generated values for Model II (with adhesive and mechanical fixations) at the end of heating phase 
and cooling phase. 
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using solid elements of size 2 mm and a bond thickness of 0.20 mm. The 
top and bottom surfaces of the adhesive elements were tied to the 
interacting surfaces of the aluminum panel and steel frame using 
*CONTACT_TIED_SURFACE_TO_SURFACE contact definition in LS- 
DYNA. The weld elements were modeled as octagonal solid geome-
tries to replicate a circular weld of diameter 4 mm. The height of the 
weld element between the steel frame and aluminum panel was 0.2 mm. 
The weld element top and bottom surfaces were tied to the top panel and 
bottom frame by TIED contact, like the adhesive elements. The weld 
elements were spaced at a gap of 100 mm from each other identical to 
the actual test specimen, as shown in Fig. 14(b). The property input for 
the steel, friction element weld and aluminum flat panel is given in 
Table 4. 

5.3. Comparison of FE predictions with experimental results 

The displacements in the aluminum panel captured during the test 
were compared to the displacements predicted by the finite element 
model. The comparison was made based on the general trend of 
displacement contour in the panel and point displacements at the top 
left, top right, bottom left, bottom right, and center point selected on the 
same location on the test specimen and the finite element model. The 
chosen point locations are shown in Fig. 15. 

5.3.1. Model I (with adhesive only) 
The finite element predictions and DIC generated displacements 

from the experiments are shown in Figs. 16–18. The displacements in the 
X, Y, and Z directions are shown at the end of the heating phase and the 
cooling phase. As the temperature rises, the aluminum panel and the 
steel frame start expanding in the X and the Y direction. Since the ad-
hesive is uncured at the beginning of the test, the adhesive does not pose 

any restriction to the expansion across the adhesive bond. As a result, 
the aluminum panel expands freely in the X and Y direction. At the peak 
temperature, near the end of the heating phase, the adhesive gets fully 
cured and starts restricting any further movement across the joint. In the 
cooling phase, as the whole structure starts to cool down, the aluminum 
panel and the steel frame start contracting to go back to their initial 
state. But the fully cured adhesive puts restrictions on the contraction of 
the panel with respect to the frame. As a result, the panel and the steel 
frame go into an unintended distorted state. There is a residual 
displacement in the X and Y direction in the panel. 

This behavior is represented in the experiments as well as FE pre-
dictions. Having a hard constraint in the top left corner due to the clamp, 
the aluminum panel tends to expand more in the positive X direction and 
negative Y direction during the heating phase. At the end of the cooling 
phase, the magnitude of the displacements drops as a result of 
contraction, but there is a residual displacement due to the effect of the 
adhesive bond. The trend in the displacements in the X and Y direction 
are similar for the experiments and finite element predictions. 
Comparing the point displacements revealed that the values of Y- 
displacement in the experiments were shifted. A small global movement 
in the whole test specimen inside the furnace may cause the displace-
ments to drift in a certain direction. To remove this global movement, 
the displacements in Y-direction were shifted by 0.3 mm in the positive 
direction. The magnitude of relative point displacements after adjusting 
the DIC values matched the FE predictions. 

An important thing to note here is that the experiments were run 
inside a convection furnace with DIC cameras looking through a glass 
window at a slanting angle. It was a challenge to get meaningful mea-
surements in this scenario considering the difficulties in measurement 
due to heatwaves inside the furnace and distortion due to glass between 
the test specimen and the cameras. Considering the discussed 

Fig. 20. Y-displacement (mm) prediction from finite element model vs. DIC generated values for Model II (with adhesive and mechanical fixations) at the end of heating phase 
and cooling phase. 
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challenges, the trend in the displacements in the experiments and finite 
element predictions agree with each other. 

The displacements in the Z-direction in this case are not much 
dependent on the adhesive behavior. The experiments show that the 
panel had a variation in the Z-contour, which is not predicted by the 
finite element model. This behavior can be explained by looking into the 
initial state of the aluminum panel. The aluminum panel was modeled as 
a perfectly flat sheet in finite element, which is not the case in the 
experiment. When a metal sheet is heated to a certain temperature, the 
internal stresses due to rolling are released and the minor distortions in 
the panel are observed. This phenomenon could not be captured in the 
finite element simulations. 

5.3.2. Model II (with adhesive and mechanical fixations) 
The finite element predictions and DIC generated displacements 

from the experiments with adhesive and mechanical fixations are shown 
in Figs. 19–21. The displacements in the X, Y, and Z directions are shown 
at the end of the heating phase and the cooling phase. In this case, the 
aluminum panel was locked in four directions due to the friction element 
welds in the periphery of the panel. As the temperature rises, the 
aluminum panel and the steel frame start expanding in the X and the Y 
direction but are constrained in those directions due to the friction 
element welds. As a result, the aluminum panel starts to bulge up in the 
Z-direction. Since the adhesive is uncured at the beginning of the test, 
the adhesive does not play a major role in the behavior of the roof 

Fig. 21. Z-displacement (mm) prediction from finite element model vs. DIC generated values for Model II (with adhesive and mechanical fixations) at the end of 
heating phase and cooling phase. 

Fig. 22. Effective residual stress (MPa) in the adhesive bond for (a) model I: with adhesive only; (b) model II: with adhesive and mechanical fixations.  
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component in the heating phase. As a result, the aluminum panel ex-
pands in the Z-direction. Due to the mechanical fixations, the X and Y 
displacements across the adhesive bond are much smaller in magnitude 
as compared to model I. 

This behavior is represented in the experiments as well as FE pre-
dictions. The presence of friction element welds in the circumference of 
the panel locks the movement in the X and Y directions. Therefore, at the 
end of the heating phase, the X and Y-displacements in the panel are 
negligible as compared to the model I, while the bulging in the Z-di-
rection is significant. At the end of the cooling phase, the magnitude of 
the displacements drops but leaves a residual displacement because of 
the fully cured adhesive bond. The trend in the displacements in the X, Y, 
and Z directions are similar for the experiments and finite element 
predictions. The global movement in the panel was compensated by 
shifting the displacements in the X and Y-direction to match the 
displacement of the center point. 

Since this case and type of construction is closer to an actual scenario 
where the roof panel is adhesively bonded to the steel roof bows and 
fixed by mechanical fixations, the displacements in the Z-direction are of 
significance. This bulge in the center of the aluminum panel due to the 
constraints in the circumference causes severe distortion in the roof 
component. The aluminum panel was modeled as a perfectly flat sheet in 
finite element, which although is not the case in the experiment, but the 
magnitude of upward bulging in the panel is high enough to compensate 
for minor variations in the initial flatness of the panel. 

5.4. Computational results 

The finite element model was validated with the experimental results 
by comparing the general trend of the X, Y, and Z displacements and the 
relative point displacements of chosen five points on the surface of the 
aluminum panel. Since the FE model predictions were in agreement with 
the experiments, the predictions of residual stress state and magnitude 
in the adhesive bond can be studied with confidence. The residual 
stresses developed in the adhesive joint in models I and II are shown in 

Fig. 22. If the magnitude of stresses in the adhesive bond is compared to 
the plastic stress-strain curve of the fully cured adhesive, it accounts for 
approximately 25% of the yield limit of the adhesive. Such a high level 
of stress in the adhesive bond is detrimental to the performance of the 
adhesive bond in the life cycle of the roof component. 

Effect of mechanical fixations: The finite element predictions of the 
effective stress in the adhesive bond for model I and model II show that 
the addition of mechanical fixations to the model lowers the magnitude 
of the effective residual stresses. This is due to constraints in the X, Y 
directions which allow a lower level of displacement across the adhesive 
bondline. The presence of mechanical fixations drops the residual 
stresses to ~5% of the yield limit of the adhesive. Therefore, the pres-
ence of mechanical fixations is better for the adhesive bond. 

Although the presence of fixations in the structure is good for the 
adhesive bond, it proves to be bad for the geometrical accuracy of the 
structure. It was observed that the upward bulge in the Z-direction was 
over 4 mm for a 1/6th scaled-down model with a relatively high thick-
ness to width ratio of the aluminum panel. 

The magnitude of upward bulging in the roof panel was expected to 
magnify for a full-size 1:1 roof component with an aluminum roof panel 
and steel roof bows. A finite element simulation was performed for a 
full-size SUV roof component (1900 × 1100 × 1.2 mm) with fixations. 
The FE predictions (shown in Fig. 23) showed that the center of the roof 
component bulged by 35 mm at the peak temperature. This magnitude 
of displacement will give rise to other practical problems and bonding 
defects. At this level of bulging, the aluminum panel will not remain in 
contact with the adhesive applied on the cross-bows and the adhesive 
will be cured without staying in contact with the two bonding surfaces. 
Therefore, Z-displacement of such a high order is expected to cause de- 
bonding in the cross-bows during the curing process of the body 
structure. 

Effect of choice of adhesive: The choice of adhesive can play a role in 
the optimization of the bonded structure design. Changing the stiffness 
of the adhesive can help in changing the magnitude of the residual 
stresses. Fig. 24 shows the effects of having a low stiffness adhesive as 
compared to a high stiffness adhesive. 

An adhesive with a lower modulus will have lower residual stresses 
in the bond due to the manufacturing-induced thermal displacements. It 
would be beneficial for the adhesive but would have adverse effects on 
the overall rigidity of the bonded structure. On the other hand, an ad-
hesive with a high modulus will provide high rigidity to the bonded 
structure but will give rise to a higher level of manufacturing-induced 
residual stresses. 

6. Concluding remarks 

This paper developed a suite of viscoelastic-plastic models which 
work in conjunction to predict the manufacturing process-induced ef-
fects on an adhesive joint. The models were calibrated for an 
automotive-grade structural adhesive EP 5089. The material models 
were coded into a user-defined material subroutine for LS-DYNA. The 

Fig. 23. Z-displacement in the aluminum panel for a full size 1:1 roof 
component with adhesive and mechanical fixations. 

Fig. 24. Effect of the choice of adhesive on the adhesive bond and the body structure stiffness.  
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developed material subroutine was implemented in finite element sim-
ulations for performing component level validations on a roof compo-
nent (a) with adhesive only and (b) with adhesive and mechanical 
fixations. The predicted results of the finite element simulations showed 
a match with the experimental results for both scenarios. The developed 
approach based on only the viscoelastic-plastic modeling of adhesive 
gives promising results at the component level and sheds light on several 
important points to consider during the design process. 

There are a variety of parameters that play a role in the design 
process of a lightweight structure: (i) material combination i.e., steel, 
aluminum, magnesium, or CFRP; (ii) adhesive type i.e., low, medium, or 
high stiffness adhesive; (iii) bondline geometry i.e., bondline width and 
adhesive thickness; (iv) curing cycle (v) fixation design i.e., type, 
spacing, the number of joints. The discussed problems were not so sig-
nificant in a steel-intensive structure owing to a low thermal expansion 
in steel. But these concerns get enlarged in dealing with multi-material 
structures composed of aluminum or magnesium with a relatively higher 
coefficient of thermal expansion. The developed package of material 
models and experiments fills that gap to enable the design of an opti-
mized multi-material lightweight structure by helping in answering the 
design-related critical questions. 
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APPENDIX

Fig. A.1. Sample DSC heat flow scans for EP5089 adhesive normalized with specimen weight for different heating rates [27] .  

Fig. A.2. Degree of cure vs. temperature curves for EP5089 adhesive obtained by integrating the DSC measurement curves at different heating rates .   
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Fig. A.3. Comparison of the curing kinetics model prediction and independent experimental curves at non-isothermal conditions .  

Fig. A.4. Comparison of the curing kinetics model prediction and independent experimental curves at isothermal conditions (140 ◦C and 160 ◦C) .  

Fig. A.5. Shear storage modulus vs. frequency as a result of combined temperature-frequency sweep on DMA tests conducted on EP5089 adhesive [29] .   
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Fig. A.6. Master curve showing shear storage, loss modulus and loss factor at 100 ◦C and the Prony series model predictions for EP5089 adhesive .  

Fig. A.7. Comparison of Log of experimental frequency shift factors and WLF model estimation for the master curve at a reference temperature of 100 ◦C for the WLF 
A′ and B′ given in Table 2. . 

Fig. A.8. Development of shear modulus (real part of complex modulus) with time for a temperature ramp of 5 ◦C/min for EP5089 adhesive at a frequency of 100 
rad/s .  
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Fig. A.9. Development of shear modulus (real part of complex modulus) with time for a temperature ramp of 10 ◦C/min for EP5089 adhesive at a frequency of 100 
rad/s . 

Fig. A.10. Comparison of experimentally obtained modulus growth with degree of cure and the numerical model predictions for the EP5089 adhesive .  
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