N oK
d f’/,;’-?:;\\iﬁg’” UNIVERSITY OF TECHNOLOGY
2

[ [ [ s N

Implementation of a Material Model
for Adhesives in Abaqus

Master’s Thesis in Applied Mechanics

ROBIN AALTO
DANIEL KALL

DEPARTMENT OF INDUSTRIAL AND MATERIALS SCIENCE

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022
www.chalmers.se



www.chalmers.se




MASTER’S THESIS 2022

Implementation of a Material Model
for Adhesives in Abaqus

ROBIN AALTO
DANIEL KALL

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Industrial and Materials Science
Division of Material and Computational Mechanics
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022



Implementation of a Material Model for Adhesives in Abaqus
ROBIN AALTO
DANIEL KALL

© ROBIN AALTO & DANIEL KALL, 2022.

Supervisor: Sandeep Shetty, Volvo Cars
Examiner: Martin Fagerstrom, Department of Industrial and Materials Science

Master’s Thesis 2022

Department of Industrial and Materials Science
Division of Material and Computational Mechanics
Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Stress distribution in a Bi-Metal Strip during curing of adhesive in Abaqus:
Top, LS-DYNA: Bottom.

Typeset in BKTEX
Printed by Chalmers Reproservice

Gothenburg, Sweden 2022

v



Implementation of a Material Model for Adhesives in Abaqus
ROBIN AALTO & DANIEL KALL

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

In recent years it has become more common to use adhesive bonded multi-material
structures in the automotive industry. These structures are however prone to dis-
tortions during the Electrocoat-oven process. These distortions are partly generated
due to the curing of the adhesive, in combination with different coefficients of ther-
mal expansion of the materials joined together (Aa). One way to predict these
distortions is through FE-simulation.

To be able to get accurate results from FE-simulations, a material model that
accurately describes the degree of cure and its impact on the mechanical behaviour
is required. Volvo Cars is therefore part of the research project MADBOND, in
which a material model for adhesives has been developed and implemented in the
FE-solver LS-DYNA.

In this master’s thesis, the adhesive material model developed in the MAD-
BOND project has been implemented as a user material model in the FE-solver
Abaqus, which is the preferred solver for Aa-simulations at Volvo Cars.

The Abaqus implementation was evaluated against both the existing implemen-
tation in LS-DYNA and a physical test.

In the evaluation, the results from Abaqus were within the defined error toler-
ance of 10% for the residual stresses and residual deformations, when compared to
LS-DYNA. In the comparison with the physical test, the same buckling behaviour
was noted in the results from both the Abaqus simulation and the test. Significant
differences in the magnitudes of the residual displacements was however seen, which
in some regions was 10 times larger in the test case. The differences were to a large
extent explained by adhesive failure in the test, which was an aspect not included
in the simulation model.

A convergence study was conducted for the material model, and it showed that
the time increment size had a significant impact on the results, both in LS-DYNA
and Abaqus. It was also discovered that the Abaqus implementation was not com-
patible with parallel execution. It was therefore recommended that these aspects
are taken into consideration in any future work at Volvo Cars in order to perform
accurate Aa-simulations for large structures.

Keywords:  Multi-Material Structures, Adhesive, Ac«, UMAT, Abaqus,
LS-DYNA, CAE, FEA
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Introduction

1.1 Background

In the automotive industry, the time to market has been significantly reduced in
recent years [1]. Simulation-based design processes play a vital role in reducing
the product development cycle time. To cope with weight reduction and to meet
increased safety requirements, the usage of a multi-material mix including aluminum
alloys combined with high-strength steel has increased in automotive body structures
in recent years. When a mixed material structure goes through an oven, there is a
risk of permanent deformation of the parts due to different coefficients of thermal
expansion (CTE) of the materials. This opens up for one of the significant issues
with multi-material design, the Aa-problem [2], which is the problem of combining
materials with different coefficients of thermal expansion.

To be able to keep up with the short time to market, simulation-based design pro-
cesses play a crucial role in reducing the product development cycle time. CAE-
analysis gives the possibility to identify possible distortions from the manufacturing
process when using materials with different thermal properties early in the develop-
ment, which also means that the problems can be rectified at an early stage. To be
able to use CAE-analysis, it is crucial that an accurate finite element (FE) model can
be established. This accuracy is dependent on aspects such that the CAD-models
that are imported into the FE pre-processor are geometrically correct and that a
fine enough mesh is used, but also that the material models in the FE-software are
accurate representations of the actual materials.

The existing adhesive material models which are used at Volvo Cars are not accurate
enough for all manufacturing process simulations. One such scenario is the ED-oven
process, in which the electrocoat applied to the car body cures. In this process,
the adhesive applied throughout the car will also cure. As the adhesive cures, its
mechanical properties will evolve until the final cured state is reached. At Volvo Cars
there has been an increased interest in simulating these kind of processes, although
the accuracy of these simulations has been restricted due to a lack of implemented
material models in the FE-environment.
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In order to solve the issues mentioned in the previous paragraph, Volvo Cars, along
with other industrial partners, initiated the MADBOND project in 2020. The main
purpose of project is to capture the impact of A« (deviation in thermal expansion),
that result in deformation in the adhesive joint after curing. The project aims to
develop a physical model in a tool that can be used to predict the properties and
quality of the adhesive joint.

From the MADBOND project, a material model for adhesives has been established
[3], and it has also been implemented into the FE-solver LS-DYNA. However, the
preferred FE-solver for implicit durability simulations (where Aa-simulations are
of interest) at Volvo Cars is Abaqus, and there is still no implementation of the
developed material model in this FE-solver.

1.2 Aim

The aim of the thesis is to implement the adhesive material model, developed by
the MADBOND-partner RISE; in Abaqus. The implementation will be verified by
ensuring that the Abaqus implementation give numerical results for the residual
stress and residual displacement, that are within 10% of the results from the LS-
DYNA implementation. Furthermore, there should also be a correlation with the
measured residual displacement from a physical component test.

1.3 Limitations

Due to constraints on the duration of the thesis, some limitations on the scope have
been established.

The first of these is that the code for the implementation of the material model will
not be written from scratch. It will rather be based on the existing implementation
in LS-DYNA. The work in this thesis will therefore be a continuation of the work
performed in the MADBOND project.

A further limitation is that the material model implemented in Abaqus shall be a
direct implementation of the model developed in the MADBOND project. There will
be no effort to improve the current material model, only to replicate it in Abaqus.
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Theory

FEICA, the Association of the European Adhesive & Sealant Industry, provides the
definition: “An adhesive can be defined as a substance that causes two surfaces to
stick together”[4]. The term adhesives is thereby very wide, and different adhesives
and types of adhesive, have different properties and characteristics.

The adhesive of interest at Volvo Cars for the specific application is a single-
component epoxy hybrid structural adhesive. This chapter will therefore account
for the theory relevant for the adhesive in question.

2.1 Epoxy Adhesives

Epoxy adhesives are one of the strongest types of adhesives available and therefore
often used when structural, load-bearing, properties are sought [5]. Other properties
of epoxy adhesives that are desired are their ability to adhere to many different types
of surfaces, as well as their good chemical, thermal and water resistance [6].

Epoxy resins are a part of the family thermosetting polymers, which are character-
ized by that they go through an irreversible curing process that alters their properties

[7].

2.1.1 General Theory of Epoxy

The most simple epoxy adhesives consist of only an epoxy resin mixed with a hard-
ener. When the epoxy resin and hardener are mixed, a chemical reaction starts.
This is a polymerization reaction in which the epoxy resin and hardener create a
three-dimensional network through cross-linking, thus resulting in the rigidity and
strength of the epoxy. This process is also what is commonly known as curing [6,
8]. The polymerization reaction is furthermore exothermic, meaning that it gen-
erates heat [9]. The heat generated from the exothermic reaction is dependent on
the amount of epoxy resin cured at once. Since the adhesive lines are very thin,
the exothermic reaction is unlikely to be problematic. For other applications when
larger quantities of epoxy are involved, such as CFRP (Carbon-Fibre-Reinforced
Polymers), the exothermic reaction can however generate a substantial amount of

3
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heat that can cause damage to either the epoxy itself or the adherends that the
epoxy is applied to [9, 10].

Epoxy adhesives are available in two different configurations, either as a two com-
ponent system or a single component system.

2.1.2 Two Component Epoxy Adhesives

In the two component system, the resin and the hardener are stored separately and
then mixed when they are applied. When mixing the resin and the hardener, the
polymerization reaction starts and the adhesive starts curing. During application,
the mix must be performed according to the ratio stated by the manufacturer. The
mix can either be performed manually or by using a dispenser that automatically
supplies the correct ratio.

Using the wrong ratios could result in the adhesive not curing sufficiently, the ad-
hesive having a too low rate of cure, or the adhesive having a too high rate of cure,
which could lead to an exothermic reaction with too large heat generation [11]. Two
component epoxy systems generally have a tensile strength in the range of 20-30
N/mm? [5].

The benefits of a two component system is its long shelf life, and its lower sensitivity
to environmental factors when compared to single-component systems [12], as two
component systems can be stored in temperatures of 20 - 25 °C [13]. With that said,
in products where the user mixes the two components at the time of application,
there is a risk of inconsistent results. This problem is however solved to a large
extent through the use of automatic dispensers [12].

2.1.3 Single-Component Epoxy Adhesives

A single component epoxy adhesive system also contains the two components resin
and hardener, but these are already mixed when the user receives them. This is
commonly made possible in one of two ways; mixing a two component system and
then freezing it, thus stopping the polymerization until the adhesive is brought back
to room temperature, or by utilizing latent hardeners that remain inactive until a
certain temperature is reached [14, 15].

When latent hardeners are used, requirements on curing temperature and time are
specified by the supplier. Diverging from these specifications can result in the ad-
hesive not curing sufficiently. Single component epoxy adhesive systems generally
have a tensile strength in the range of 35-41 N/mm? [5].

The benefits of a single component system is its superior strength compared to
two component systems, it also has higher thermal resistance compared to two
component systems [16]. Single component systems however need to be handled
with greater care than two-component systems. Pre-mixed two-component systems
need to be stored at a temperature of —40 °C, and once they have been brought

4
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to room temperature they can not be frozen again [13]|. Single component systems
with latent hardeners are not as sensitive to temperature, although they still need
to be kept at a temperature of 5-10 °C to prevent premature curing [13].

2.1.4 Modifying Epoxy Adhesives

Epoxy adhesives can be modified by utilizing fillers and additives. These fillers and
additives can alter the properties and appearance of the epoxy resin and can thereby
make them more suitable for certain applications [17]. For example, the viscosity
of the uncured epoxy can be increased with fillers, thus making it more suitable for
applications on vertical surfaces as it prevents the resin from running off.

Furthermore, the epoxy resin can be combined with other polymeric resins to cre-
ate epoxy-hybrid resins. Example of epoxy-hybrids are epoxy-urethane and epoxy-
polysulfide [18]. This allows the properties of the epoxy to be modified, for example
making it more flexible.

2.2 Material Behaviour of Adhesives

Adhesives, and specifically epoxy adhesives, are polymeric materials and thus in
large have viscoelastic behaviour [19]. There are however publications that argue
that adhesives in a fully cured state can accurately be described as having an elastic
behaviour [20, 21].

With that said, since the material behavior of interest at Volvo Cars is that during
curing, the viscoelastic response must be considered. Furthermore, assuming elastic
properties for a cured adhesive would imply that the adhesive reaches 100% cure,
whilst in practice the final degree of cure can generally be expected to be in the
range 90-100% [22].

2.2.1 Curing

The degree of cure (DoC) « is a measurement of how much an adhesive (or other
thermosetting polymer) has cured [22]. It can described as a fraction in the range 0
to 1, where 0 indicates a completely uncured adhesive in viscous liquid form and 1
a completely cured adhesive as a solid.

When the adhesive goes through the curing process, it goes through several phase
changes [23]. In the start of the process, as the adhesive is uncured (a = 0), it has the
properties of a viscous liquid, which allows it to be applied to the adherends. As the
curing progresses towards the gel point, which often lies in the interval a = 0.4—0.6,
the adhesive becomes more and more viscous. When it reaches the gel point, it has
transformed from a liquid state to a gelled state, where the adhesive behaves as a
semi-solid gel material [22].

As the curing proceeds further, there is also an increase in the glass transition
temperature. When the glass transition temperature has increased to the point
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where it is equal to the applied temperature in the curing cycle, vitrification occurs.
The vitrification means that the adhesive will behave like a solid as it inherits a
glassy state.

During the curing cycle there will also be volumetric changes to the adhesive. These
volumetric changes are namely thermal expansion and chemical shrinkage.

2.2.1.1 Kamal model

One model that is often used to calculate the degree of cure is the Kamal model
[24].

In the Kamal model, the rate of cure is calculated using Equation (2.1)

da m n
T (k1 + k20™) (1 — )", (2.1)

where the Arrhenius constants &, and ky are calculated as

E.
k= A exp (- R}) , (2.2)

and where A; and E; are material constants, R is the ideal gas constant, and T is
the temperature.

The exponent n in the Kamal equation is furthermore calculated as

n=n, + T, (2.3)
where n, and n; are material constants and 7" is the temperature.

2.2.2 Chemical Shrinkage

When a thermosetting polymer, such as an epoxy resin, cures, the volume will
change with the temperature due to thermal expansion or thermal contraction. The
other aspect that will influence the volumetric change in the thermosetting polymer
is chemical shrinkage. The chemical shrinkage occurs due to the cross-linking of
polymer chains in the material during the polymerization reaction. During this
reaction, the density of the thermosetting polymer increases, which in turn leads to
a decrease of volume [25, 26].

The curing cycle can be divided in to three phases; heating, constant temperature
and cooling. During the second phase of the curing, when the temperature is held
constant, the chemical shrinkage occurs [27].

6
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According to [28] the chemical shrinkage can be neglected, due to it not having a
large affect in comparison to the thermal deformations, for the residual stresses.
There are however other studies that have shown that the chemical shrinkage does
have a greater affect than earlier anticipated [29], showing that it is causing a sig-
nificant portion of the distortion before the cooling phase of the curing process [26].

2.2.3 Stress Relaxation and Creep

A viscoelastic material is characterized by the fact that the stress-strain response
of the material exhibits both viscous and elastic behaviour [30]. The elastic stress
response is purely dependent on the applied strain, whilst the viscous portion of
the response is dependent on strain rate and time. This is illustrated in Figure 2.1,
where it can be seen that the stress in the material decreases with time as the strain
is held constant, this phenomena is known as stress relaxation [31].

10 | I |

*_SIFEIII'I applied at

—» 44— Strain held constant
a constant rate

Maximum stress 5, —

Stress decaying due to
stress relocation

Stress scale

Stress
increasing

Stress at time t
5

0 | | | 1 I _L i 1

}‘_ 2. .4 IE 10 12 14 16 18
Straining time o' —™ i
t=0 Time scale

Figure 2.1: Stress curve during constant strain for a viscoelastic material [31].

Another phenomena exhibited by viscoelastic materials is creep. This phenomena is
apparent when a stress is held constant in the material, which leads to an increase
in strain over time [32]. This behaviour is illustrated in Figure 2.2.

F

e (%) Elastic recovery

Viscoelastic
| deformation

—a

Viscoelastic

i Elastic
‘ deformation

Time ()

Figure 2.2: Strain curve during constant stress for a viscoelastic material [32].



2. Theory

2.2.3.1 Prony Series

The relaxation behaviour of viscoelastic material can be expressed as a Prony series,
with the Prony terms G; and the relaxation times 7;

G(t) = Goo + Y Gie /™, (2.4)

where G(t) is the stress relaxation modulus with respect to the time t, G is the
stress relaxation modulus as ¢ — oo, and ¢ is the number of Prony terms [33]. A
Prony series with a larger number of terms will give a more accurate representation
of the relaxation behaviour in the material.

The values for G; and 7; can be obtained through testing of the material us-
ing Dynamic-Mechanical Analysis (DMA)/ Dynamic-Mechanical Thermal Analysis
(DMTA) [34]. The testing is performed in a test rig that applies a sinusoidal force
with a frequency w at a temperature 7', which induces a stress state in the material,
from which the strain in the material is recorded [35].

The storage modulus G’ can be expressed with respect to the frequency w as

2

Zw T
G'(w) = Guo +Zl—|—w2 (2.5)

The loss modulus G” can in the same manner be expressed as

G"(w) =" G (2.6)

1+ w27?

The results from the DMA/DMTA test can be be fitted to either Equation (2.5) or
(2.6), in order to obtain the values for G; and 7;. With that said, the testing should
be conducted at a wider range of frequencies if the equation for the loss modulus G”
is to be used, since the magnitude is significantly lower than for the storage modulus

¢ [33).

The viscoelastic relaxation of a material is often defined in FE-software as Prony
series in tabular form, which include the relaxation times 7; as well as the dimen-
sionless values g; for the relaxation moduli [36]. The dimensionless values for the
relaxation moduli g; can be obtained as

e
o 92,
%= G (2.7)

where Gy is the value of G(t) as t = 0.

8
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2.2.4 Temperature Influence

As an adhesive is placed in an oven to cure, it will experience temperatures in the
range of 20 - 200 °C. This will not only cure the adhesive but also influence the
overall behavior of the adhesive. The behavior of a viscoelastic polymer can be
defined in five temperature-dependent regions [37], these regions are:

1. Glassy region

2. Glass transition region
3. Rubbery region

4. Rubbery flow region

5. Liquid flow region

These regions are furthermore illustrated in Figure 2.3.

Storage Modulus (E’)

Glass Transition

Region \\

Figure 2.3: Temperature influence on storage modulus [37].

]
]
i
]
(]
)
I
]
I
I
I
"
I
"
I

l

Temperature

As seen in Figure 2.3, an increase in temperature will result in a lower modulus.
With that said, since the stress-strain response of a viscoelastic material is also
time-dependent, the temperature cannot simply be accounted for by modifying the
modulus of the material. It can however be achieved by time-temperature superpo-
sition through the introduction of a shift function [38].

The curing of the adhesive introduces another aspect of the temperature dependency,
since the glass transition temperature evolves during curing. Which means that the
glass transition temperature T, can be defined as a function of the degree of cure o
as T,(«). As illustrated in Figure 2.3, the stress in the material is dependent on the

9
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temperature, and also the glass transition temperature, which consequently leads to
the modulus being a function of both temperature and degree of cure as E(T), «).

2.2.4.1 Shift Function

As a polymeric material is subjected to increased temperatures, the relaxation times
in the stress response for the material become shorter [39]. Figure 2.4 illustrates
how this behavior may look when experimentally recorded for an arbitrary material
that exhibits viscoelastic behaviour.

1

08

06F

04F

Relaxation modulus

02F

0 :
107" 107 107" 10" 10’ 10°

log time

Figure 2.4: Relaxation modulus at different temperatures [39].

In Figure 2.4, it can be noted that the behaviour essentially is the same for the dif-
ferent temperatures, although shifted in time. This indicates that the temperature
influence can accurately be accounted for by a shift factor. It is however important
to note that this is only true for thermorheologically simple materials [39]. For ther-
morheologically complex materials, the relaxation at different temperatures exhibit
more significant differences that cannot be accounted for with a shift function.

The shift in time illustrated in Figure 2.4 can be expressed as

logar = logty, , — logtr, (2.8)

where t7 . is the time at the temperature Ty and ¢7 is the time at the temperature
T.

Following Equation (2.8), it can be concluded that the relaxation behavior can be
accounted for by time-temperature superposition by a shift factor ar (7).

With that said, the introduction of a shift factor relies on the existence of a master
curve, which has to be constructed initially [39]. The master curve defines the
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relaxation behavior at the temperature T,.s and is used as a reference. The master
curve can be determined through DMA testing [40].

There are several approaches for determining the shift factor, but two of the most
commonly used are the WLF (Williams, Landel & Ferry) equation and the Arrhenius
equation [41].

The WLF equation defines the time shift factor ar as

_ _Cl (T - Tref)
C12 + (T - Tref)’

log ar(T) (2.9)

where C] and (5 are material constants that can be fitted to the test data, 1" is the
temperature, and Ty is the reference temperature at which the test was performed.

The Arrhenius equation on the other hand defines the shift factor as

E /1 1
nar(T) = - (T - = f) , (2.10)

in which F, is the activation energy, R is the universal gas constant, T is the

temperature, and Ty is the reference temperature [42].

For better comparison, Equation (2.10) can be written in the same 10-base logarithm
as Equation (2.8) and (2.9)

E. /1 1
logar(T) = =535k (T N Tf> ' (211)

It is generally accepted that the shift factor calculated using the WLF equation is
more accurate for temperatures above the glass transition temperature, whilst the
Arrhenius equation is more accurate for temperatures below the glass transition
temperature [43].

2.3 Implicit and Explicit Time Integration

Explicit and implicit time integration are often used for numerical analysis to solve
time-dependent ODEs (ordinary differential equations) and partial differential equa-
tions, for both dynamic and static cases. These two methods are both used in
LS-DYNA and Abaqus, to solve numerical problems.

The implicit time integration is unconditionally stable, meaning that the increment
size decrease automatically until the solution for the increment is stable. The explicit
integration is on the other hand conditionally stable, which means that it needs
sufficiently small time steps to obtain a stable solution.

11
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Implicit integration is preferable for quasi-static simulations with small deforma-
tions, while explicit integration is better suited for rapid simulations with large
deformations, such as car crashes and ballistic explosions [44].

The advantage of using an implicit solution is that the number of time steps can be
significantly fewer compared to the explicit solution. The time to reach convergence
for the implicit solution can however vary depending on the size and amount of time
steps, which could increase the computational time [45].

A second-order differential equation at the time step n + 1, can be described with
Equation (2.12)

Miiyi1 + Crp1tngr + Kppitngr = Poya, (2.12)

where 4,1, U,+1 and w,.1 are the acceleration, velocity and displacement respec-
tively, and M, C and K, are the mass matrix, the damping coefficient and stiffness
matrix respectively, with n being the current time step.

The implicit time integration can from this be described with the Newmark method,
which is a method of numerical integration used to solve certain differential equa-
tions, that gives a relation to how the acceleration at the end of the increment affects
the velocity and displacement.

The first and 0" order derivative can be described with Equations (2.13) and (2.14)
respectively

At
’l:l/n+1 == 'L.l/n -+ 7(111” -+ '&n+1)7 (213)
o . 1 - 25 2 e 2 ..
Upi1 = U, + Attr, + 5 At i, + A Uy, 41, (2.14)

where [ is a constant in the range of 0 to 1. The value of § = 0.25 is commonly
used, which results in the constant acceleration method.

The Newmark method can also be written as an explicit time integration by using
£ =0 [46].
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Literature Survey - Adhesive
Material Models

In this chapter, a general literature study on available material models is presented.
This includes what physical aspects that have been included in each model, and when
sufficient information was available, how the physical aspects have been modeled.

3.1 RISE/MADBOND Material Model

The material model that has been developed by RISE, and that is now also a part
of the MADBOND project was presented in its one-dimensional form in [3]. The
constitutive equations for the full 3D model, the LS-DYNA implementation, as well
as further information regarding the model, were obtained through direct commu-
nication with the authors Sibin Saseendran and Daniel Berglund at RISE.

The material model was originally developed for CFRP (Carbon-fiber-reinforced
polymers), but since both the matrix in the CFRP and the structural adhesives of
interest consist of epoxy, the material model can with some minor modifications also
be used for adhesives. These modifications mainly show in the material data input,
where the adhesive has isotropic material properties as opposed to the CFRP that
has anisotropic material properties.

One difference in the material model itself between the adhesive and the CFRP is
that the exothermic reaction is neglected for the adhesive. The reasoning behind
this is that the thickness of the bond lines for the adhesive is small (< 0.5 mm),
and the heat generated from the adhesive is therefore negligible. The thickness of
CFRP is on the other hand in many applications considerably larger, thus resulting
in a larger amount of generated heat.

The material model is a viscoelastic model with complex rheological behavior, which
accounts for the rubbery and glassy modulus dependent on degree of cure and tem-
perature. The model is based on three functions dependent on both the temperature
and the degree of cure; the rubbery modulus F,(«,T'), the weight factor hy(«,T),
and hso(a,T) defining how the strain affects the loading history [3].
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To give a basic explanation, the 1D case of the viscoelastic model is shown in Equa-
tions (3.1)-(3.9).

In the following equations, the implicit increment of an arbitrary variable f(¢) is
denoted as Af** = f(ty11) — f(ty), and its derivative as df' = T

th+1—tk

For a small time increment At 1, the shift factor a, the strain €, and hs, are assumed
to be linear functions of time 7. The shift factor a is present as the product of the
temperature and DoC

a=a" +dt(r —t) (3.1)

assuming that ho(cr, T') and € have linear dependence of time 7 in the interval [tx, t511]
hQ(T) = hg(tk - O) + di—;l(T - tk)H(T — tk) (32)

e(1) = ety — 0) +d" (1 — tp)H (T — t3) (3.3)

where H is the Heaviside step function.

With the assumption of linear change of the shift factor a over the increment, to-
gether with the assumption In(1 + z) ~ x, the increment of the reduced time 1 can
be seen in Equation (3.4)

1— =
2 ak

k+1
_ Btin < 1 Aa ) _ (3.4)

The explicit stress increment can be seen in Equation (3.5), for a given strain e,
temperature 7" and degree of cure a.

At = AEFLEE 4 ERHAML L 3 Cigh (h’f“ exp (_ A¢k+1> _ h'f)

T

+ Ry CTABRT (3.5)

In Equation (3.5), C* denotes the Prony series constants, and 7; the corresponding
relaxation times. The material model can be used with a Prony series with up to 9
terms.

14
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The integrations A©F™ and S¥ in Equation (3.5) are defined in Equation (3.6) and
(3.7)

AOF — [REAEHY 4 pEFLER| ATFT L 2ARETIAF T AN (3.6)

Ay

T

S* = §M oxp <_ ) A6k (3.7)

The integrations AI¥ and AN* in Equation (3.6) are defined in Equation (3.8) and
(3.9)

AIF = (3.8)
7 1 a Atk )
dg + - ak—1
_ ak — aF! exp —A¢
2dk + — LAN <d§ + > F
Ti T;

The material model presented above describes a thermorheologically complex adhe-
sive. The model can however be simplified to a thermorheologically simple material
model by introducing a rubbery modulus E,. that is independent of the temperature
and DoC, and setting the VE-parameters hy = hy =1 [3].

3.2 Priesnitz’s Material Model

The PhD thesis “On local panel distortions due to hot-curing adhesives” [26], written
by Konstantin Priesnitz, had as aim to investigate the local distortions that occur
due to adhesive bonding. This also included developing a simulation model that
could be used to predict these distortions. The model developed was based on tests
also performed in the same thesis work.

The material model developed by Priesnitz includes the chemical shrinkage and
thermal deformations as well as gelation and stress relaxation of a viscoelastic ma-
terial. The cure cycle is divided in to three stages, which can be seen in Figure 3.1,
with each stage described by different constitutive equations.

15



3. Literature Survey - Adhesive Material Models

T h n 1l

Gel point Glass transition

Figure 3.1: Stages describing material behaviour of Priesnitz material model.

3.2.1 Stagel

In stage I, before the gel point has been reached, the material is described as a vis-
coelastic liquid with the equilibrium shear modulus as zero. Therefore, the material
cannot sustain any stresses or strains in this stage.

3.2.2 Stage 11

Stage II describes the material behaviour after the gel point has been reached.
In stage II the temperature is well above the glass transition temperature of the
adhesive, which consequently leads to the mechanical behaviour of the material being
dominated by the rubbery modulus. It is therefore assumed that any relaxation in
the material can be neglected. Priesnitz argues that the material in this stage can
be described with a temperature and degree of cure dependent elastic stress-strain
relation.

3.2.3 Stage III

Stage III of the material model describes the material behaviour after the glass tran-
sition during cooling. In this stage, the material is considered to have viscoelastic
behaviour with relaxation times that are dependent on temperature and degree of
cure. The volumetric changes due to thermal expansion and chemical shrinkage and
the resulting strains from these changes are calculated in the same way as in stage
II.

The model furthermore includes two different CTE, one before and one after the
glass transition temperature, o, (rubbery CTE) and oy (glassy CTE). A function
a(T) is also introduced to smooth the transition between oy, and a.
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3.2.4 Constitutive Equations

The material is assumed to be isotropic with deformations that can be described as
the sum of the thermal, chemical and mechanical strain, seen in Equation (3.10)

€ij = € + egl + efjh (3.10)
The rubbery CTE is defined as
1
Qp = g(kl + kQ), (311)
and the glassy CTE as
1
g = §k1’ (3.12)

with the transition between the two

a(T) = ; k1 + ;k’g(l + tanh(Co(T' — 1)) | » (3.13)

where k1, k2 and Cj are material constants, 7" is the current temperature, and T},
the glass transition temperature.

The constitutive equations are obtained by splitting the stress tensor o;; into a
deviatoric part and hydrostatic pressure p

Oij = 0, — p(ZJ (314)

The volume changes in the model are described with the hypo-elastic Equation
(3.15)

= K, (3.15)
with the bulk modulus calculated as
E
K=—>"__ 3.16
3(1—2v)’ (316)

and where F,; is the instantaneous glassy tensile modulus.

The shear behaviour of the model changes during the three different stages described
previously. Because the adhesive can not exert permanent stresses or strains in stage
I the shear modulus is set as very small, although not zero.
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In stage II the deviatoric stress-strain relation is set as hypo-elastic

G = 2G (), (3.17)
with the shear modulus
2 2\
G(q) = G™! (q q§1> : (3.18)
1- Qgel

and where ¢ is the degree of cure and ¢, is the degree of cure at the gel point.

In stage III a linear viscoelastic material law is introduced in order to capture the
relaxation behaviour in the material

M
G = 2Goel™ Y +2 3 Gl (3.19)

m=1

.me,dev - m 1 m
L = uy, m=12..
“ S a(T)r, T

M. (3.20)

The material behaviour is in this stage assumed to be thermorheologically simple,
with a shift factor loga(T"). The shear relaxation modulus at the reference temper-
ature in stage III is calculated as

Gt) = Goo + GZexp (—Ti) : (3.21)

A quasi-static approach is utilized to obtain the shear modulus for temperatures
other than the reference temperature
3KE(t)

GO = 5B (3.22)

3.3 LS-DYNA - MAT_ 277

MAT 277 (*MAT_ADHESIVE_VISCOELASTIC) is a default material model
available in LS-DYNA. It is developed specifically for simulating adhesive materials
during curing [47]. The curing kinematics in the material model follow the Kamal
model and depends on temperature and temperature rate. The constitutive model
is described as a general viscoelastic Maxwell model with relaxation that is defined
as a Prony series with a maximum of 16 terms.

The material model considers chemical shrinkage () depending on the degree of
cure (), which can either be specified by the user in tabular form, or by defining
the parameters 7., 71 and v in the quadratic expression:
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v(a) = ya? +ma+7 (3.23)

While defining the material in LS-DYNA, there are three available options for the
user on how the material model should take the temperature influence on stress
relaxation into account.

1. No temperature influence on stress relaxation.

2. Time-temperature superposition using a shift factor calculated with the WLF
(Williams, Landel & Ferry) equation [48].

3. Time-temperature superposition using a shift factor calculated with the Ar-
rhenius equation [49].
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Method

The project was in large divided into two segments, the first of which being the
implementation of the material model in Abaqus. The second segment was the
verification of the implemented material model. The methodology for both the
implementation and the verification will be described in this chapter.

4.1 Implementation of Material Model in Abaqus

The material model developed by RISE was implemented in the FE software Abaqus
as a UMAT (user material model). The UMAT was written in the language Fortran,
which is one of the languages accepted by Abaqus, along with C and C++.

The constitutive equations describing the material behavior had previously been im-
plemented in a subroutine by RISE. The implementation developed in this project
was therefore not written from scratch, but was rather based on the previous im-
plementation. With that said, due to concerns regarding confidentiality, the source
code for the subroutine was not obtained from RISE, instead the subroutine was
obtained as a pre-compiled object file (.0). This objective file can be seen as a “black
box” where the contents can not be seen.

Since the constitutive equations had already been implemented, the purpose of the
UMAT code developed in this project was to wrap the obtained object file, in what
can be seen as “bridge” between Abaqus and the general constitutive equations.
The reason for this is that Abaqus cannot communicate directly with the subrou-
tine written by RISE, and the code developed in this project therefore acts as an
intermediate step. This intermediate step arranges the inputs and outputs from both
Abaqus and the material model subroutine in such a way that they can communicate
with each other.

The material parameters are defined in the Abaqus input file, which is then passed
into the UMAT subroutine. During calculations, the UMAT is called for every
integration point in the adhesive, which, in turn, calls the pre-compiled subroutine
located inside the object file. From the calls to the object file, the UMAT subroutine
obtains the updated stresses and material state, which it in turn sends back to
Abaqus. These interactions are also illustrated in Figure 4.1.
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Figure 4.1: Interactions between the different routines.

4.1.1 RISE subroutine

As previously stated, the subroutine that implements the constitutive equations for
the material was obtained as a pre-compiled object file from RISE. Therefore, the
exact manner of the implementation is not known. The header of the subroutine is
however required in order to be able to call it, and it was therefore also obtained
from RISE. The header contains the name of the subroutine, which in this case
‘umat42”, as well as the input and output variables in the correct order. The
header for the subroutine umat42 can be seen in Figure 4.2. Moreover, the input

is

4

and output variables for the subroutine are disclosed in Table 4.1.

Figure 4.2: Header for subroutine umat42, containing the constitutive equations.

subroutine umat42(cm,eps,sig,hsv,dtl,time,

1

temper,cma, crvP,crvt)

Table 4.1: Variable in and output in umat42 subroutine.

22

Input

Variable name

Variable definition

cm Material constants

eps Strain increment (Ae) in Voight notation
dtl Time increment (At)

time Time at the start of the increment
temper Temperature in the end of the increment
cma Additional material constants

crvP Prony series weights

crvt Prony series relaxation times

Input & Output

Variable name

Variable definition

hsv

History variables

Output

Variable name

Variable definition

sig

Stress in Voight notation
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There are a total of 20 material parameters in the cm array, and a total of 44
material parameters in the cma array. The material parameters are disclosed in full
in Appendix A.

The subroutine furthermore utilizes 87 history variables for the material, with degree
of cure, liquid fraction, solid fraction, and glass transition temperature being a few of
them. The history variables are both an input and an output, as they get updated
during the call to the routine. A full list of the history variables can be seen in
appendix B.

The relaxation behaviour is, as disclosed in Section 3.1, accounted for by a Prony
series. The Prony series is input into the subroutine as the variables crvP and crvt
as one-dimensional arrays with a maximum of nine values.

4.1.2 Abaqus UMAT

The Abaqus UMAT was as previously stated, written in the language Fortran, and
more specifically Fortran77 which requires fixed formatting.

The UMAT in Abaqus uses a standard header for the subroutine, which was obtained
from the Abaqus manual, and can be seen in Figure 4.3.

SUBROUTINE UMAT (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,

RPL, DDSDDT, DRPLDE, DRPLDT,

STRAN, DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
NDI, NSHR, NTENS, NSTATV, PROPS, NPROPS, COORDS,, DROT, PNEWDT,
CELENT, DFGRDO, DFGRD1, NOEL, NPT, LAYER, KSPT, JSTEP, KINC)

W N

INCLUDE 'ABA PARAM.INC'

CHARACTER*80 CMNAME
DIMENSTION STRESS (NTENS) , STATEV (NSTATV) ,

DDSDDE (NTENS, NTENS) , DDSDDT (NTENS) , DRPLDE (NTENS) ,

STRAN (NTENS) , DSTRAN (NTENS) , TIME (2) , PREDEF (1) ,DPRED (1) ,
PROPS (NFROPS) , COORDS (3) , DROT (3, 3) , DEGRDO (3, 3) , DEGRD1 (3, 3) ,
JSTEP (4)

S N

user coding to define DDSDDE, STRESS, STATEV, SSE, SPD, SCD
and, 1f necessary, RPL, DDSDDT, DRPLDE, DRPLDT, PNEWDT

RETURN
END

Figure 4.3: Standard header for UMAT in Abaqus.

The standard header is the framework that was used when creating the UMAT
subroutine. All the variables that are defined by Abaqus are listed in Appendix D,
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however many of them are not used in this application, and therefore the variables
of interest in this case are listed in Table 4.2.

Table 4.2: Used UMAT variables.

Input

Variable name

Variable definition

STRAN Strain in the start of the increment ()
DSTRAN Mechanical strain increment (Aé,ech.)

TIME Time at the start of the increment

DTIME Time increment (At)

TEMP Temperature at the start of the increment
DTEMP Increment of temperature (AT)

NSTATV Number of solution-dependent state variables
PROPS User-defined material constants

Input & Output

Variable name

Variable definition

STRESS Stress array

STATEV Solution-dependent state variables
Output

Variable name | Variable definition

DDSDDE Jacobian matrix %

The Fortran code that was written can be seen in Appendix C. It takes the stress,
strain, and solution-dependent state variables at the start of the increment as input.
Based on this input, the subroutine computes the updated stesses, the Jacobian
gﬁ‘;, and the solution-dependent state variables at the end of the increment, and
sends it back to Abaqus via the UMAT interface. The solution-dependent state
variables (STATEV) in Abaqus correspond to the history variables (hsv) in the

umat42 subroutine.

The Fortran code in Appendix C was compiled with Intel Fortran Compiler 17.2,
with the options -fpic and -c¢, which resulted in an object file. This object file was
then merged with the object file obtained from RISE using the GNU ar program
with the -cr option.

4.2 Verification of Abaqus implementation

The implementation of the material model in Abaqus was verified with two test
cases, where the results were compared to corresponding simulations in LS-DYNA.
The two cases that were used in the verification process were the Single Element
Test and the Bi-Metal Strip Test. This section will describe the models and the
different load cases used in the simulations, as well as the reasons to why these
specific models were chosen.
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The material properties used for the adhesives in all test cases were for the single
component epoxy hybrid adhesive of interest at Volvo Cars. Due to confidentiality
material parameters are not included in this report.

Since the purpose of the test cases was to verify the Abaqus implementation against
the LS-DYNA implementation, the difference between the results had to be quan-
tified. The quantitative measurement was chosen as the relative error where the
results from LS-DYNA were used as the reference. Since the main points of interest
were the residual displacement and the residual stress, the notation that will be used
for the relative error for the displacement and stress are

UAD — ULS-DYNA
Su = | R , (4.1)
ULS-DYNA
OAb — OLS-DYNA
D i L . (4.2)
OLS-DYNA

4.2.1 Single Element Test

The first test case consisted of a single adhesive element with the dimensions 1 x 1
x 1 mm. The single element case was chosen since a model that was as simple as
possible was desired. Thereby, the number of potential causes of errors was kept as
low as possible, for example in the modelling stage.

The element was chosen to be a first-order hexahedron element and thus had eight
nodes, one in each corner. The element with node numbering is shown in Figure
4.4. In Abaqus element formulation “C3D8” was used, and in LS-DYNA element
formulation “2” was used.

Figure 4.4: Single element model with node numbers.
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Three load cases were used to assess the material model implementation in Abaqus,
with 1 s as maximum time increment. Details of the load cases are given in the
following sections.

4.2.1.1 Load Case I

The first load case consisted of only a thermal load under constrained deformation.
The thermal load was defined as a time-varying temperature, applied to each of the
eight nodes. The intention of this case was to test that the material response under
thermal load was correct, and to induce stresses in the z-direction. The magnitude
of the thermal load was varied for the duration of the simulation according to the
load curve in Figure 4.5. The duration of the simulation was set to 2400 seconds.
The thermal load included two separate heating and cooling phases, with a start
and end temperature of 20 °C and a peak temperature of 190 °C.

200
180 - / /o .
60~ | .
o 140 e
o120 |/ E
100 - -
80 - J.f‘j J.f‘j 8
60 |- J,w‘f J“,s" |

Temperatur:

20

0 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (s)

Figure 4.5: Temperature curve for the single element, case I.

Furthermore, all of the nodes were constrained in the z-direction, simulating the
situation that the element is restrained between two rigid surfaces. Moreover, to
avoid rigid body movement, node #1 was also constrained in the z- and y-direction,
and node #2 was also constrained in the y-direction.

4.2.1.2 Load Case II

The second load case consisted of the same thermal load as the first load case.
However an additional mechanical load was applied in form of a 0.5% tensile strain
in the z-direction. The strain was applied linearly between the times 950 s and 1050
s, as can be seen in Figure 4.6. Furthermore, the strain was applied as increasing
displacement of the four nodes on top of the element. The remaining nodes were
constrained in the same way as in case I.
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Figure 4.6: Strain curve for single element, case II.

4.2.1.3 Load Case III

The third load case consisted of the same loads as in case II, with the addition of a
shear strain 0.5% in the zz-direction. Thereby the single element was subjected to
both a tension strain and a shear strain simultaneously. Both the strain in tension
and in shear were applied according to Figure 4.6, and both strains were applied
on the four topmost nodes. This load case was chosen to induce a multi-directional
stress state in the element, while still keeping the model as simple as possible.

4.2.2 Bi-Metal Strip Test

The second test was performed on a Bi-Metal Strip. As the name suggests, the
model consisted of two metal strips, which were described as joined together with
the adhesive. One strip was given the material properties representative for DP600
steel and the other for A16060 T6 aluminium.

The two strips were geometrically identical with the dimensions 100 x 20 x 2 mm.
The simulation model can be seen in Figure 4.7, where red represents steel and blue
represents aluminum. The adhesive layer between them had a thickness of 0.3 mm,
and in Figure 4.7 it is shown in yellow. Moreover, perfect adhesive coverage for the
region between the steel and aluminium strips was assumed. The maximum time
increment size used for the Bi-Metal strip was 1 s.

The model was meshed with hexahedron elements. The model contained four ele-
ments in the thickness for each respective part, thus resulting in the element sizes 1
x 1 x 0.5 mm in the metal strips and 1 x 1 x 0.075 mm in the adhesive.
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Figure 4.7: Model of the Bi-Metal Strip

As in the Single Element case, element formulation “C3D8” was used in Abaqus and
element formulation “2” was used in LS-DYNA for all elements. The connections
between the adhesive elements and the elements on the metal strips were realized
by shared nodes.

One of the short sides of the Bi-Metal Strip was constrained in the x-direction, and
one of the long sides was constrained in the y-direction. Furthermore, one of the
corner nodes was constrained in all translational directions to prevent rigid body
motion. The boundary conditions are also illustrated in Figure 4.8.

Figure 4.8: Boundary conditions for the Bi-Metal Strip.

In this test, a varying thermal load was applied on all nodes homogeneously. The
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temperature applied corresponded to a curing oven, the curve for the temperature
can be seen in Figure 4.9.
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Figure 4.9: Temperature curve for the Bi-Metal Strip.

4.2.3 Convergence Study

As some inconsistencies were noted in the results from the Bi-Metal Strip, even
between different runs in the same software, it was determined that a time step
convergence study was to be conducted. The purpose of the convergence study
was to investigate if the time increment size had an influence on the results for the
adhesive. The convergence study was conducted in both Abaqus and LS-DYNA. It
was performed by simulating the Bi-Metal Strip as described in Section 4.2.2 with
different values for the maximum increment size. The maximum increment sizes that
were evaluated were 30, 10, 1, 0.5, and 0.25 s. The convergence study was conducted
with the automatic incrementation enabled in both software, meaning that the solver
will automatically reduce the size of the time increment after a number of iterations
where a solution could not be found, thereby increasing the chances that the solver
will find a converged solution.

4.3 Comparison With Physical Test

The material model implementation was also used in a third case, the Hat Profile,
in this case there was no comparison between Abaqus and LS-DYNA, only between
Abaqus and test results from a physical test that had previously been performed.

4.3.1 Hat Profile

The Hat Profile component consisted of a DP600 steel “hat” and an Al6060 T6
aluminium “lid”. The model of the Hat Profile component can be seen in Figure
4.10, where the lid is shown in blue and the hat is shown in red.
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Figure 4.10: Model of the Hat Profile component.

The Hat Profile had a length of 700 mm and a width of 116 mm. The thickness of
the hat was 1.5 mm and the thickness of the lid was 0.95 mm. The adhesive layer
between them had a thickness of 0.3 mm. The additional dimensions of the Hat
Profile can be seen in Figure 4.11.
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Figure 4.11: Dimensions of the hat in the Hat Profile component.

The physical test of the Hat Profile was carried out in the MULTIM project, which
was a predecessor to the MADBOND project. The Hat Profile used in the test was
joined together with EJOWELD® CFF joints on both flanges. This joint can be
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seen as a mix of a weld and a rivet, as the joint gets attached to the steel through
friction welding and to the aluminium as a traditional rivet. Adhesive was applied
to one of the flanges. Two different pitches were used for the rivets, which is the
distance between two adjacent rivets, a 60 mm pitch was used for half the length
of the component and a 40 mm pitch was used for the other half of the length,
illustrated in figure 4.12.

Figure 4.12: View from above on the Hat Profile, showing the fasteners in white.

The Hat Profile was set into an oven, where it was subjected to varying temperatures
for 2000 seconds. The temperature profile that was used in the oven can be seen in
Figure 4.13. The component was furthermore scanned with a 3D-scanning device
before, during, and after being in the oven, to accurately capture the deformations
of the component.
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Figure 4.13: Temperature curve for the Hat Profile.

In the simulation model of the Hat Profile, the hat, lid, and supports were meshed
with shell elements with the element formulation “S4”, with an element size of 2 x 2
mm. The adhesive was meshed as a solid mesh with the element size 7 x 5 x 1.125 mm
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and the element formulation “C3D8”. The rivets were realized with SPIDER2 FE-
representation, which connected the two parts meshed with shell meshes with a beam
element. This FE-representation is furthermore illustrated in Figure 4.14a. The
metal-adhesive-metal interaction on one of the flanges had the FE-representation
RBE3-HEXA-RBE3, which connected the solid meshed adhesive to the mid-plane of
the two with shell meshes. The RBE3-HEXA-RBE3 FE-representation is illustrated
in Figure 4.14b.

(b) Adhesive represented with RBE3-
HEXA-RBES3.

(a) Rivet represented with SPIDER2.

Figure 4.14: FE-representations of connections.

The temperature load in the simulation model used the same temperature curve as
in the physical test, seen in Figure 4.13. In the simulation this temperature was
applied to all nodes, with the exception of the two supports.

One aspect that should be noted from the test results is that there was evidence of
failure in the adhesive at the locations of the largest residual deformations. This is
of significance since the aspect of adhesive failure is not included in the simulation
model. It should also be mentioned that there were some differences in the setup of
the component in the test and in the simulation. In the simulation, the component
was laying down, supported by two rigid supports, whilst it in the test setup was
positioned upright.

There could also have been other aspects in the test that had an affect on the
results, which were not included in the simulation. Such aspects could have been
the application of the adhesive, and that perfect coverage was not achieved, or initial
deformation in the test component due to the process of applying the rivets. These
aspects therefore has to be taken into consideration when comparing the results
from the simulations with the test results.
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Results & Discussion

In this chapter the results from the cases presented in the method chapter are
presented. This includes comparisons between Abaqus and LS-DYNA for the Single
Element and the Bi-Metal Strip simulations, and the comparison between Abaqus
and the physical test for the Hat Profile component.

5.1 Verification of Abaqus Implementation

The results from the verification tests of the three single element load cases and the
Bi-metal strip test will be presented for both LS-DYNA and Abaqus in the following
section.

5.1.1 Single element

In this section the results from the simulations of the three single element load cases
will be presented. The results for the stresses are calculated as the mean of the 8
integration points of the element, and the results for the displacements are presented
for node # 7, as defined in Figure 4.4.

5.1.1.1 Load Case I

The degree of cure (DoC) for the single element can be seen in Figure 5.1. From
these results, it can be seen that LS-DYNA and Abaqus gave the same results except
for the first increment in the simulation, which can be seen in the enhanced part of
Figure 5.1. LS-DYNA starts with a DoC equal to 0.01, whilst Abaqus has a value
of zero at that point. This was also the case for the other solution-dependent state
variables.
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Figure 5.1: Degree of Cure, load case 1.

The difference in the first increment seen in Figure 5.1 can however be explained by
how Abaqus and LS-DYNA output results for solution-dependant state variables in
the first increment. The solution-dependent state variables are initialized within the
umat42 subroutine obtained from RISE. In LS-DYNA, the initialized values from
the subroutine are written to the result file. In Abaqus on the other hand, the
initialized values are not written to the result file, the first results are written at the
end of the first increment.

Solution-dependent state variables can however be initialized in a user subroutine
called “SDVINI” in Abaqus. With that said, the solution-dependent state variables
are already initialized in the RISE subroutine, which means that initialization per-
formed in the SDVINI subroutine would not have any influence on the calculations,
only on the output results at time ¢t = 0.

Furthermore, the solution-dependent state variables are not of any particular interest
at Volvo Cars, as it is mainly the stresses and displacements that are of interest.
Therefore it was opted not to use the user subroutine SDVINI at this stage.

The Von Mises stress for the Single Element can be seen in Figure 5.2. The difference
in magnitude between the two software is small for the duration of the simulation.
With a relative error do = 0.3% for the the residual stress in Abaqus compared
to LS-DYNA. The total nodal displacement seen in Figure 5.3, exhibited a larger
difference, especially when the maximum displacement is reached. The residual
displacement had a relative error du = 1.7%, which is still well below the allowable
limit.
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Figure 5.2: Von Mises Stress for single element, load case I

0.05

— Abaqus 0.04699 mm|
== LSDYNA| ¢ 1 pEmmmsmsssssee=y 0 O e csscssiccesmsmmmmme=a
0.04618 mm|

0.04
£
g 0.03
[
o
K]
[-3
@
a
]
B 0.02
2
: / \ /
O
o

0.01 / \

0 ‘
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Time (s)

Figure 5.3: Total nodal displacement for node #7, load case 1.

Even though some differences between Abaqus and LS-DYNA were noted in the
results for the stress and displacement, they were all within the defined tolerances
of 10 %, and therefore they were not investigated further.

5.1.1.2 Load Case I1

The Von Mises stress for Load Case II can be seen in Figure 5.4. The maximum
stress was approximately 7.6 MPa when the strain was applied. The results showed
minor differences between LS-DYNA and Abaqus, with a relative error do = 0.3%
for the residual Von Mises stress. The resulting displacement seen in Figure 5.5,
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had slightly lower magnitude in LS-DYNA compared to Abaqus, most notably at
the times 800 s to 1200 s, and 1600 s to 2400 s. The residual displacement resulted
in the relative error du = 1.75%.
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Figure 5.4: Von Mises Stress for single element, load case 11
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Figure 5.5: Total nodal displacement for node #7, load case II.

The results for Load Case II indicated that the material model implementation in
Abaqus gave accurate results in an uni-directional load scenario, with relative errors
for both the stress and displacement that was within the defined limits.

5.1.1.3 Load Case III

The Von Mises stress, seen in Figure 5.6, gave the same shape as the stress in
Load Case II, but with larger magnitude. The results from Abaqus and LS-DYNA
matched well also in this case, as the residual Von Mises stress had the relative
error 6o = 0.17%. The displacement, seen in Figure 5.7, gave a similar shape as in
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load case II, although with a slightly smaller magnitude. The relative error of the
displacement in load case III was du = 0.13%.
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Figure 5.6: Von Mises Stress for Single Element, load case III
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Figure 5.7: Total nodal displacement for node #7, load case III.

Although there were some minor differences in the results between the two solvers,
as the relative error was within the defined limits for both the residual stress and
residual displacement in all load cases, the Abaqus implementation was deemed to
have been successfully verified for the single element case. These results indicated
that the Abaqus implementation captured the correct material behavior both in
uni-directional and multi-directional loading conditions.

37



5. Results & Discussion

5.1.2 Bi-Metal Strip

The results for the stress are presented for two elements on the Bi-Metal Strip,
#21835 (edge), and #24832 (middle), seen in Figure 5.8. These two elements were
positioned in the middle of the thickness of the adhesive. For simplicity element
#21835 will be referred to as the “edge element” and #24832 as the “middle ele-
ment”. The results for the displacement are furthermore presented for node #120724,
located on the edge element, and node #17135, located on the middle element.

0:d3plot : ORIGINAL STATE

#24832

#21835

Figure 5.8: Element positions in the Bi-Metal Strip with steel (purple) and half
of the adhesive layer (grey).

The Von Mises stresses in the edge and middle element are shown in Figure 5.9, with
a zoom of the response at ¢ = 2000 s in Figure 5.10. The results from LS-DYNA
and Abaqus are similar for both the middle and the edge element throughout the
duration of the simulation. The relative error for the residual stress was 0o = 1.02%
for the middle element and do = 1.69 % for the edge element.
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Figure 5.9: Von Mises stress in elements #21835 & #24832.
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Figure 5.10: Residual Von Mises stress in elements #21835 & #24832 at t=2000s.

The nodal maximum displacement in the z-direction reached approximately 1.3 mm
and 0.9 mm for the edge and middle element, respectively, at the peak temperature
(t = 1000 s), which can be seen in Figure 5.11. The residual displacement can
be seen in Figure 5.12, showing Figure 5.11 zoomed in at the last 150 s of the
simulation. The relative errors were du = 6.72% and du = 6.80% for the edge and
middle element respectively.
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Figure 5.11: Nodal z-displacement for nodes #120724 & #17135.
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Figure 5.12: Nodal z-displacement for nodes #120724 & #17135, zoomed at last
150 s.

In the cooling phase (¢ > 1000 s), the magnitude of displacement decreases, as can
be seen in Figure 5.11. Due to the small magnitudes, small variations between LS-
DYNA and Abaqus can result in a large relative error. From the results however the
relative error was still below the 10% limit, thus indicating that the relative error
between LS-DYNA and Abaqus is minor even for small magnitudes.

The residual Von Mises stress on the short side facing the negative x-direction is
also shown in a contour plot in Figure 5.13. The results are close to identical, with
only minor differences in magnitudes on a few elements.
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Figure 5.13: Residual Von Mises stress on the right short side of the Bi-Metal
Strip, Top: Abaqus, Bottom: LS-DYNA.

The distribution of the Von Mises stress on the bottom of the adhesive layer at
t = 1000 s can be seen in Figure 5.14. From these results it was noted that both the
stress distribution and the stress magnitude match well between the two software.
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Figure 5.14: Von Mises stress on the underside of the adhesive in the Bi-Metal
Strip at t=1000 s, Top: Abaqus, Bottom: LS-DYNA.

The displacement in the z-direction of the Bi-Metal Strip at time t=1000 s is shown
in Figure 5.15. The displacement in the z-direction, obtained at the bottom side of
the adhesive layer at the same time can be seen in Figure 5.16.
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Figure 5.15: Z-displacement distribution on the side of the Bi-Metal Strip at
t = 1000 s. Scale factor: 5, Top: Abaqus, Bottom: LS-DYNA.

Figure 5.16: Z-displacement distribution on the bottom side of the Bi-Metal Strip
at t = 1000 s, Top: Abaqus, Bottom: LS-DYNA.

From the contour plots, the displacement and Von Mises stress correlation well be-
tween LS-DYNA and Abaqus, indicating that the Abaqus implementation captures
the same behavior as in LS-DYNA over all elements throughout the simulations of
the Bi-Metal Strip.

When performing the simulations of the Bi-Metal Strip, one issue with the material
model implementation in Abaqus was noted. This issue was that it was not possible
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to use the material model when performing the simulation using parallel processing
with MPI (Message Passing Interface) or threads. A workaround for this issue was
used through the option threads=1 when creating the job in Abaqus. This option
means that each core used for calculations is working on a separate thread with
separate tasks, as opposed to several cores splitting the work of a task.

The reason that this issue was not noticed earlier was that in the Single Element
case, only one core was used for the calculations, as is it not possible to split the
workload of a single element over several cores.

As a result of this issue, all the following simulations were performed with the options
threads=1 and cpus=16 in Abaqus, meaning that the simulations were performed
on 16 cores, with each core having its own thread.

5.1.3 Convergence Study

When initially investigating the difference in magnitude of the stress and displace-
ment in LS-DYNA and Abaqus, the time increment was maximizes to 10 s. It was
noted that there were some differences in the magnitudes, and it was also noted
that the difference originated in a region where the automatic incrementation in
Abaqus reduced the increment size. In LS-DYNA on the other hand, there were no
reduction of the time increment size, which can be seen in Figure 5.17. With this
result as basis, a convergence study for the time increment size was conducted.
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Figure 5.17: Zoom of total nodal displacement with time steps shown at critical
region. Maximum increment size 10 s.

In the convergence study, the incrementation influence on the displacement, degree
of cure, and stress in Abaqus and LS-DYNA were all investigated.
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The increment influence on the nodal z-displacement can be seen in Figures 5.18
and 5.19 for Abaqus and LS-DYNA, respectively.
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Figure 5.18: Convergence study, Abaqus, total nodal displacement.
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Figure 5.19: Convergence study, LS-DYNA, total nodal displacement.

From the figures, it is clear that the time increment size did show to have a major
influence on the results in both Abaqus and LS-DYNA, and it was noted that the
differences in both solvers originated from the initial heating phase. After the heat-
ing phase, the relative error between the different solutions is almost constant. A
smaller increment size resulted in a larger residual displacement, as seen in Figures
5.18 and 5.19. In Abaqus, the solution reached convergence at a maximum time in-
crement size of 0.5 s. There were some inconsistencies in the results from LS-DYNA,
as the 0.5 s maximum increment size resulted in a larger residual displacement than
the 0.25 s maximum increment size. The reason for this is not entirely clear, but
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when inspecting the results, the difference seemed to come from a single increment
at time 50.1 s, where the quasi-newton solver had trouble reaching convergence and
therefore reformed the stiffness matrix. Considering the general trend that was ap-
parent in both Abaqus and LS-DYNA, it was in the end concluded that the result
for 0.5 s maximum increment in LS-DYNA was an outlier.

The results for the degree of cure with different maximum increment sizes in Abaqus
and LS-DYNA | can be seen in Figures 5.20 and 5.21, respectively.
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Figure 5.20: Convergence study, Abaqus, degree of cure.
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Figure 5.21: Convergence study, LS-DYNA, degree of cure.

Due to the high rate of cure between times ¢t = 250 s and ¢t = 500 s, small deviations
between the time increments resulted in a significant difference in the DoC. This
can be exemplified by the LS-DYNA results from the maximum increment sizes 0.25
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s and 30 s at time ¢ = 360 s. At this instance in time, the predicted degree of cure
when using a maximum increment size of 0.25 s is 0.3885, whilst it is 0.544 with a
maximum increment size of 30 s. This is especially significant since the gel point of
the adhesive is at a degree of cure of 0.42, meaning that one of the solutions was
significantly past the gel point as the other had not reached it yet.

After ¢ ~ 500 s the results are similar for all time increment sizes in both LS-DYNA
and Abaqus, although it should be noted that a smaller maximum increment size

resulted in a slightly higher final degree of cure.

The Von Mises stress for different maximum increment sizes can be seen in Figures
5.22 and 5.23 for Abaqus and LS-DYNA respectively.
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Figure 5.22: Convergence study, Abaqus, Von Mises Stress.
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Figure 5.23: Convergence study, LS-DYNA, Von Mises Stress.
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Worth noting from these results is that the results for the 10 s and 30 s maximum
increment size were similar in magnitude in Abaqus, which was not the case for LS-
DYNA. In both Abaqus and LS-DYNA, the largest variation in magnitude between
the increment sizes occurred during the heating phase.

Furthermore, the largest residual stress in Abaqus was obtained for the 0.25 s max-
imum increment, whilst the largest residual stress in LS-DYNA was obtained for
the 30 s maximum increment. As with the results for the displacement, where LS-
DYNA with 0.5 s maximum increment was deemed an outlier, it is not entirely clear
why the results for 30 s maximum increment diverged from the general trend. With
that said, since all the results in the convergence study indicate that the results
are strongly influenced by the increment size, and that the solution converges for a
sufficiently small increment size, the results for the 30 s maximum increment size
can in large be regarded as erroneous.

From the convergence study, it was observed that the time increment size had a
major impact on all results. This trend was seen in both Abaqus and LS-DYNA,
meaning that this is not correlated with the implementation of the material model in
Abaqus, but rather connected to the subroutine umat42 in the object file obtained
from RISE.

In both solvers, the results had converged with an increment size of around 0.25 s
to 0.5, with significant differences for the larger increment sizes. In the applications
where the material model is of interest at Volvo Cars, the increment size needs to
be considerably larger than 0.5 s in order to have reasonable computational times.
Therefore, the possibility to obtain accurate results for large models is somewhat
restricted with the current implementation of the material model.

5.2 Comparison With Physical Test

This section will account for the results of the Hat Profile component. This includes
the Abaqus simulations and a physical test.

5.2.1 Hat Profile

The vertical displacement of the lid from the test and the Abaqus simulation in the
middle of the oven process, at a temperature of 185°C, can be seen in Figure 5.24. In
the figure, the positive deformation is defined as out of the plane of the paper in both
the physical test and the simulation, which corresponds to the negative y-direction
in Abaqus, defined in Figure 4.10 in Section 4.3.1. The maximum increment size
used in the Abaqus simulation was 30 s.

A note on the test results is that what looks like a “split” in the component is due

to missing data in that particular region, since the 3D-scanning device could not
reach this region as the component was placed in a fixture during the test.
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Figure 5.24: Vertical deformation of the lid at temperature 185°C. Top: Abaqus,
Bottom: Test case.

The lid had similar local deformations when comparing the simulated results to
the test, as it exhibited the same buckling behaviour in both cases. The exception
was the two short edges, where the displacements were in opposite directions. A
notable difference was the large deformations at the long side with adhesive applied
in the test, which were due to adhesive failure, and therefore were not present in the
simulation results.

The vertical deformations of the hat from the test and the Abaqus simulation can be
seen in Figure 5.25. As in the previous figure, the positive direction is defined as out
of the plane of the image, which in this case corresponds to the positive y-direction
in Abaqus.
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Figure 5.25: Deformation of Hat Profile on the top side at temperature 185°C.
Abaqus: top, Test case: bottom.
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It can be noted that the same global trend is apparent in both the simulation and test
results, as the hat exhibited bending behaviour with both short edges displaced in
the positive direction whilst the middle segment deformed in the negative direction.
The hat had no significant local deformations in either the test or the simulation.

A further observation is that the there were some differences in the global deforma-
tions from the test results of the lid, seen in Figure 5.24, and the hat, seen in Figure
5.25, even though the parts were joined together. One possible explanation for this
could be separation of the two parts due to the adhesive failure.

The residual deformations of the lid after cooling can be seen in Figure 5.26. The
direction of the displacements is defined in the same manner as in Figure 5.24.
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Figure 5.26: Residual deformations of the lid at temperature 20°C. Abaqus: top,
Test case: bottom.

In the results for the residual displacement of the lid, it can be seen that the magni-
tudes of the displacements have decreased when compared to the displacements at
185 °C in Figure 5.24. This trend is apparent in the results from both the simulation
and the test case.

With that said, the difference in magnitude between the test and the simulation was
more apparent for the residual displacement when compared to the displacements at
185 °C. This was true both for the global and local deformations, where the residual
deformations in some regions were 10 times higher in the test results compared to
simulation results.

The differences noted between the simulation and the test were likely due to the
adhesive failure in the test. This is apparent as the largest residual displacements
in the test appeared on the side with adhesive applied, whilst it in the Abaqus
simulation appeared on the side with no adhesive applied.
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The error between the residual deformations on the lid also correlated with the
results obtained from the convergence study of the Bi-Metal Strip in Figure 5.18,
where large time increment sizes resulted in an underestimation of the residual
displacement. Therefore, it could be reasoned that the residual displacement would
match better with the test case if the maximum increment size was smaller than 30
S.

With that said, the purpose of the Hat Profile was to use the material model in
a scenario relevant to future applications at Volvo Cars. In many of these appli-
cations, it will no be possible to use increment sizes smaller than 10 — 20 s due
to computational times, and it was therefore deemed more relevant to use a 30 s
maximum increment in this case.

The residual displacement of the hat can be seen in Figure 5.27. In the figure, the
positive direction of the displacements is defined as in Figure 5.25. In these results,
it can be seen that the residual displacements of the hat were close to zero in both
the Abaqus simulation and the test case.

[mm]
0.5 0.4 0.3 0.2 0.1 0 -0.1-0.2 -0.3 -0.4 -0.5

[ | Bl [ e

— = N e —

> Adhesive applied

Figure 5.27: Residual deformation on the hat at temperature 20°C. Abaqus: top,
Test case: bottom.

As in the results at 185 °C, the global trend for the hat and the lid did not match
entirely. In Figure 5.26 it can be seen that right edge of the lid has deformations with
a magnitude of approximately 0.5 mm, whilst in Figure 5.27, no apparent residual
deformation can be seen.

To conclude the comparison between the test and the simulation of the Hat Profile,
the same general trends were seen in both cases, although the difference in the
residual deformation was more significant than the deformations at 185 °C.

To have a more representative comparison between simulation and test, either the
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5. Results & Discussion

simulation model would have to be more complex and include the aspect of adhesive
failure, or the test component would have to be designed in a way that limits the risk
of adhesive failure. For the Hat Profile, one such design aspect is the rivet pitch, as
no adhesive failure occurred with 40 mm pitch length, compared to the 60 mm pitch
length, where significant adhesive failure occurred. A better representation could
also be achieved by using a smaller maximum time increment size, as discussed
previously.
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Conclusion & Recommendation
for Further Work

In both the case of the Single Element and the Bi-Metal Strip, the results between
Abaqus and LS-DYNA were within the allowable error tolerance of 10%. In fact, the
maximum relative error for the displacement was 6.80 % and the maximum relative
error for the stress was 1.69 %. Thereby the main objective of the thesis, which was

to implement the material model in Abaqus such that it gave the same results as in
LS-DYNA, was fulfilled.

The discrepancies seen in the results for the Bi-Metal Strip were determined to have
their root in the time increment size. The same trend was seen in both Abaqus and
LS-DYNA, indicating that the issue was located in the subroutine obtained from
RISE. This observation has been brought forward to RISE, and they are as of now
working on resolving the issues.

Even though evaluating the validity of the material model was not in the scope of the
thesis, it is for future work recommended that the implementation of the material
model, and any updated versions of it, is validated against physical test cases in
both LS-DYNA and Abaqus to validate both the implementation. Moreover, the
same kind of evaluation as was performed in the convergence study in this thesis
should be performed with an improved model. This is especially important since
the applications in which the material model will be used at Volvo Cars require a
significantly larger increment size than 0.5 s (at which the solution converged for
the Bi-Metal Strip) to ensure reasonable computational times.

As can be seen in the physical test of the Hat Profile, the largest residual displace-
ments were seen on the flange where adhesive had been applied. It would therefore
be of interest to investigate the actual influence of the adhesive further.

A further recommendation for future work related to the Hat Profile results is the
inclusion of adhesive failure in the material model, as this had a significant effect on
the residual displacements of the component.

As of now, it is possible to use the implemented material model in Abaqus for
smaller structures, as the computational time for the simulations is the restriction.
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Therefore the main recommendation for further improvements of the implementation
in Abaqus is to make it compatible with parallel execution. This improvement is
necessary to run the desired simulations in Abaqus at Volvo Cars with reasonable
computational times.

The second improvement of the Abaqus implementation that could be taken into
consideration in further work is the initializing of the solution-dependant state vari-
ables within the subroutine. As of now, the subroutine uses the correct values in
the calculations, but the results for the solution-dependant state variable output for
time t = 0 are not accurate. This could possibly be achieved with the subroutine
SDVINI. It should however be noted that the solution-dependant state variables are
not of any particular interest at Volvo Cars. It is mainly the stress end displacement
results that are of interest, and these results are not affected in any way.

In conclusion, it can be said that the overall aim of the thesis is fulfilled, but some
improvements have to be made to use the adhesive material model for simulations
of large structures. These improvements are moreover required in order to assure
that the simulations yield accurate and reliable results. These improvements require
participation from both RISE and Volvo Cars, since the source code has not been
made available to Volvo Cars. The improvements are related to both the material
model itself and the implementations in both Abaqus and LS-DYNA.
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A. Material Constants in umat42

A

Material Constants in umat42

Table A.1: Material Constants (cm) Array

cm Variable |Description
1 bulk Material bulk modulus
2 shear Material shear modulus
3 lambda Lambda parameter in DiBenedetto equation
4 tg0 Uncured Tg (Tg at alpha=0)
5 tginf Fully cured Tg (Tg at alpha=1)
6 xgel Gel point of resin
7 fliq Liquid fraction of resin in the beginning of analysis
8 frub Rubbery/vitrified fraction of resin in the beginning of analysis
9 al Parameter Al in Kamal model for DoC

10 a2 Parameter A2 in Kamal model for DoC

11 el Parameter E1 in Kamal model for DoC

12 e? Parameter E2 in Kamal model for DoC

13 m Parameter m in Kamal model for DoC

14 na Parameter na in Kamal model for DoC

15 nb Parameter nb in Kamal model for DoC

16 axmax Parameter A in xmax equation

17 bxmax Parameter B in xmax equation

18 cmax Parameter C in xmax equation

19 restrtopt |Flag for restart analysis

20 vpflag Flag for viscoplasticity

21 Unused

22 Unused

23 Unused

24 Unused

II



A. Material Constants in umat42

Table A.2: Additional Material Constants (cma) Array

cma |Variable |Description
1 GEx Glassy Youngs modulus in X direction
2 GEy Glassy Youngs modulus in Y direction
3 GEz Glassy Youngs modulus in Z direction
4 Gprxy Glassy Poisson’s ratio in XY
5 Gpryz Glassy Poisson’s ratio in YZ
6 GPrxz Glassy Poisson’s ratio in XZ
7 GGy Glassy Shear modulus in XY
8 GGyz Glassy Shear modulus in YZ
9 GGxz Glassy Shear modulus in XZ
10  |REx Rubbery Youngs modulus in X direction
11 |REy Rubbery Youngs modulus in Y direction
12 |REz Rubbery Youngs modulus in Z direction
13 |RPrxy Rubbery Paoisson’s ratio in XY
14 |RPryz Rubbery Poisson’s ratio in Y2
15 |RPrxz Rubbery Poisson’s ratio in XZ
16  |RGxy Rubbery Shear modulus in XY
17 |RGyz Rubbery Shear modulus in YZ
18 |RGxz Rubbery Shear modulus in XZ
19 Unused
20 Unused
21 Unused
22 Unused
23 Unused
24 Unused
25 |Ralpx Rubbery CTE in X direction
26 |Ralpy Rubbery CTE in Y direction
27 |Ralpz Rubbery CTE in Z direction
28 |Rbetax Rubbery CCS in X direction
29 |Rbetay Rubbery CCS in Y direction
30 |Rbetaz Rubbery CCS in Z direction
31 Unused
32 Unused
33 |Galpx Glassy CTE in X direction
34  |Galpy Glassy CTE in Y direction
35 |Galpz Glassy CTE in Z direction
36 |Gbetax Glassy CCS in X direction
37 |Gbetay Glassy CCS in Y direction
38 |Gbetaz Glassy CCS in Z direction
39  |terms Number of terms in Prony series
40  |taucrvid |Curve ID for tau_i terms in Prony series
41 |picrvid Curve ID for w_i terms in Prony series
42 |tref Reference time in cure shift factor
43 |Tref Ref. temp. in WLF equation for temp. shift factor
44  |Erel Fully relaxed Youngs modulus
45 |cl Parameter clin WLF equation
46  |c2 Parameter c2 in WLF equation
47  |gk VE parameter
48 |gkl VE parameter
49  |hk VE parameter
50 |hkl VE parameter
51 |d1 VE parameter
52 |dz VE parameter
53 Unused
54 Unused
55 Unused
56 Unused
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History Variables

History Variable (hsv)
1

O oONOGOOUVLA_A,WN

[
o

11
12..17

19..24
25...78
79..87

Parameter
temper
flig (read from I/P card)
frub (read from I/P card)
1-hsv (3)-hsv (2)
tg
XC
dtk/dt0
aTk0/aTkl
aCk0/aCkl
gk0/gkl
hk0/hkl
Strainkl (1 to ©
respectively)
deps
SkO
C(I,J)

(1 to 6 respectively)

Description
Temperature
Liquid fraction
Rubbery fraction
Check parameter
Glass transition temperature
Degree of cure
time step size
Temperature shift factor
Cure shift factor
Factor in VE model = 1
Factor in VE model = 1
Strain in 6 directions

Strain increment in 6 directions
VE memory terms
Stiffness matrix components

Figure B.1: Table giving description and parameters of the history variables.
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Abaqus UMAT subroutine

C UMAT subroutine for adhesive material using material model
C developed by RISE
C

SUBROUTINE UMAT(STRESS,STATEV,DDSDDE, SSE,SPD,SCD,

1 RPL,DDSDDT,DRPLDE,DRPLDT,

2 STRAN,DSTRAN, TIME,DTIME, TEMP,DTEMP, PREDEF,DPRED, CMNAME,
3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS, COORDS ,DROT, PNEWDT,
4 CELENT,DFGRD®,DFGRD1,NOEL, NPT, LAYER,KSPT, ISTEP,KINC)

INCLUDE 'ABA_PARAM.INC'

CHARACTER*80 CMNAME
DIMENSION STRESS(NTENS),STATEV(NSTATV),
1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS) ,DRPLDE (NTENS),
2 STRAN(NTENS),DSTRAN(NTENS), TIME(2),PREDEF(1),DPRED(1),
3 PROPS(NPROPS), COORDS(3),DROT(3,3),DFGRDO(3,3),DFGRD1(3,3),
4 JSTEP(4)
C
CHHHtHHHHHEHA End standard Header

C Define variables, Set dimension for Prony Series with number of terms

DIMENSION CM(24),CMA(56),CRVP(9),CRVT(9)

C
INTEGER i, j
REAL*8 ZERO
C
parameter(ZER0O=0.d0)
T e N N N N
C Define material parameters from props
C
C PROPS(1) - Bulk modulus
C PROPS(2) - Shear modulus
C PROPS(3) - Lambda
C PROPS(4) - Uncured T_g
C PROPS(5) - Fully cured T_g
C PROPS(6) - Gel point
C PROPS(7) - Liquid fraction
C PROPS(8) - Rubbery fraction
C PROPS(9) - Al kamal
C PROPS(10) - A2 kamal
C PROPS(11) - E1 kamal
C PROPS(12) - E2 kamal
C PROPS(13) - m kamal
C PROPS(14) - na kamal
C PROPS(15) - nb kamal
C PROPS(16) - axmax
C PROPS(17) - bxmax



aNaNaNaNsNaNaNaNaNaNaNaNaNaNaNaNeNoNaNaNaNaNaNaNal

0

[aNaNal

(@]

PROPS(18) - cxmax

PROPS(19) - flag for restart analysis

PROPS(20) - flag for viscoplasticity

PROPS(21) - Glassy Youngs modulus [GE] (x=y=z)
PROPS(22) - Glassy Poisson's ratio [GPr] (xy=yz=xz)
PROPS(23) - Glassy Shear modulus [GG] (xy=yz=xz)
PROPS(24) - Rubbery Youngs modulus [RE] (x=y=2z)
PROPS(25) - Rubbery Poisson's ratio [RPr] (xy=yz=xz)
PROPS(26) - Rubbery Shear modulus [RG] (xy=yz=xz)
PROPS(27) - Rubbery CTE [Ralp] (x=y=z)

PROPS(28) - Rubbery CCS [Rbeta] (x=y=z)

PROPS(29) - Glassy CTE [Galp] (x=y=z)

PROPS(30) - Glassy CCS [Gbeta] (x=y=z)

PROPS(31) - Number of terms in Prony series
PROPS(32) - Reference time in cure shift factor
PROPS(33) - Reference temperature in WLF equation
PROPS(34) - E_rel fully relaxed Young's modulus (unused)
PROPS(35) - cl1 WLF

PROPS(36) - c2 WLF

PROPS(37) - gk

PROPS(38) - gkl

PROPS(39) - hk

PROPS(40) - hk1

PROPS(41) - d1

PROPS(42) - d2

CM (Material constants) Array

doi=1,24

CM(i) = ZERO
enddo
doi=1,20

CM(i) = PROPS(i)
enddo

CMA (Aditional Material Constants) Array

do i = 1,56
CMA(i) = ZERO
enddo

CMA(1) = PROPS(21)
CMA(2) = PROPS(21)
CMA(3) = PROPS(21)
CMA(4) = PROPS(22)
CMA(5) = PROPS(22)
CMA(6) = PROPS(22)
CMA(7) = PROPS(23)



C

CMA(8)
CMA(9)
CMA(10) =
CMA(11) =
CMA(12) =
CMA(13) =
CMA(14) =
CMA(15) =
CMA(16) =
CMA(17) =
CMA(18) =
CMA(25) =
CMA(26) =
CMA(27) =
CMA(28) =
CMA(29) =
CMA(30) =
CMA(33) =
CMA(34) =
CMA(35) =
CMA(36) =
CMA(37) =
CMA(38) =
CMA(39) =
CMA(42) =
CMA(43) =
CMA(44) =
CMA(45) =
CMA(46) =
CMA(47) =
CMA(48) =
CMA(49) =
CMA(50) =
CMA(51) =
CMA(52) =

p
p

C Prony series

C

doi=1,9
CRVP(i)
CRVT(i)

enddo

CRVP(1) =
CRVP(2) =
CRVP(3) =
CRVP(4) =
CRVP(5) =
CRVP(6) =
CRVP(7) =

ROPS (23)
ROPS(23)
PROPS (24)
PROPS (24)
PROPS (24)
PROPS (25)
PROPS(25)
PROPS (25)
PROPS (26)
PROPS (26)
PROPS (26)
PROPS (27)
PROPS(27)
PROPS (27)
PROPS (28)
PROPS (28)
PROPS (28)
PROPS(29)
PROPS(29)
PROPS (29)
PROPS (30)
PROPS (30)
PROPS (30)
PROPS(31)
PROPS(32)
PROPS (33)
PROPS (34)
PROPS (35)
PROPS (36)
PROPS(37)
PROPS (38)
PROPS (39)
PROPS (40)
PROPS (41)
PROPS (42)

= ZERO
= ZERO

1548de
.0584d0
.1174do
2396d0
.2185d0
.0170do
.1016d0

(OIS IGIOCRGRG R



@] aNasNaNaNaNaNaNaNaNaNaNaNaNaNe!

@]

CRVP(8) = 0.0362d0

CRVP(9) = 0.0196d0
CRVT(1) = 1.ed-11
CRVT(2) = 1.ed-10
CRVT(3) = 1.0d-09
CRVT(4) = 1.0d-07
CRVT(5) = 1.8d-05
CRVT(6) = 1.0d-04
CRVT(7) = 1.0d-03
CRVT(8) = 1.0d-02
CRVT(9) = 5.0d-01

Call the umat42 subroutine

CM = cm = material constant array
DSTRAN = eps = strain increment array
STRESS = sig = stress component array
STATEV = hsv = history variable

DTIME = dtl = time step size

TIME = time = problem time

TEMP = temper = Current temperature

CMA = cma = additional material constants

CRVP
CRVT

Prony series weights
Prony series times

call umat42(CM,DSTRAN, STRESS,STATEV,DTIME,

1 TIME(2),TEMP+DTEMP,CMA,CRVP,CRVT)
Initialize zero matrix for jacobian

do i = 1,NTENS
do j = 1,NTENS
DDSDDE(i,j) = ZERO
enddo
enddo

Set Jacobian=Stiffness matrix

DDSDDE(1,1) = STATEV(79)
DDSDDE(2,2) = STATEV(80)
DDSDDE(3,3) = STATEV(81)
DDSDDE(4,4) = STATEV(82)
DDSDDE(1,2) = STATEV(83)
DDSDDE(2,1) = STATEV(83)
DDSDDE(1,3) = STATEV(84)
DDSDDE(3,1) = STATEV(84)
DDSDDE(2,3) = STATEV(85)
DDSDDE(3,2) = STATEV(85)



0OonN o000 n0o0n00n00o00n0n

DDSDDE(5,5) = STATEV(86)
DDSDDE(6,6) = STATEV(87)

RETURN
END

Start header
subroutine umat42(cm,eps,sig,hsv,dtl,time,

1 temper,cma, crvP,crvt)
End header
cm - material constants array (I/P) size 24
eps - strain increment array (I/P) size 6 following
Voight notation
sig - stress component array (0/P) size 6 following
Voight notation
hsv - history variables array (I/P and O/P) size 150
dt1 - time step size in current increment (I/P)
time - Problem time (I/P)
temper - Current temperature (I/P)
cma - additional material constants array (I/P) size 50
crvP - Prony series weights (I/P) array size is equal to

number of Prony terms.
OBS maximum number of Prony terms is limited to 9
crvt - Prony series times (I/P) array size is equal
to number of Prony terms.
OBS maximum number of Prony terms is limited to 9
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Abaqus UMAT Variables

Variables to be defined

In all situations
DDSDDE (NTENS , NTENS)

Jacobian matrix of the constitutive model, 8 Ao/ 8 Ae, where Ao are the stress increments and A€ are the
strain increments. DDSDDE (I, J) defines the change in the Ith stress component at the end of the time increment
caused by an infinitesimal perturbation of the Jth component of the strain increment array. Unless you invoke the
unsymmetric equation solution capability for the user-defined material, Abaqus/Standard will use only the
symmetric part of bDsDDE. The symmetric part of the matrix is calculated by taking one half the sum of the matrix
and its transpose.
For viscoelastic behavior in the frequency domain, the Jacobian matrix must be dimensioned as
DDSDDE (NTENS, NTENS, 2) . The stiffness contribution (storage modulus) must be provided in
DDSDDE (NTENS, NTENS, 1), while the damping contribution (loss modulus) must be provided in
DDSDDE (NTENS, NTENS, 2) .

STRESS (NTENS)

This array is passed in as the stress tensor at the beginning of the increment and must be updated in this routine
to be the stress tensor at the end of the increment. If you specified initial stresses (Initial conditions in
Abaqus/Standard and Abaqus/Explicit), this array will contain the initial stresses at the start of the analysis. The
size of this array depends on the value of NTENS as defined below. In finite-strain problems the stress tensor has
already been rotated to account for rigid body motion in the increment before uMaT is called, so that only the
corotational part of the stress integration should be done in UMAT. The measure of stress used is “true” (Cauchy)
stress.

If the T utilizes a hybrid formulation that is total (as opposed to the default incremental behavior), the stress
array is extended beyond NTENS. The first NTENS entries of the array contain the stresses, as described above. The
additional quantities are as follows:

STRESS (NTENS+1)

Read only: J ,
STRESS (NTENS+2)

Write only: K= JBQ_Z, and

oJ
STRESS (NTENS+3)
) 9K PU ] ) ; ) }
Write only: ? = J—A3, where U is the volumetric part of the strain energy density potential.
J aJ
STATEV (NSTATV)

An array containing the solution-dependent state variables. These are passed in as the values at the beginning of
the increment unless they are updated in user subroutines UsDFLD or UExP2N, in which case the updated values
are passed in. In all cases STATEV must be returned as the values at the end of the increment. The size of the
array is defined as described in Allocating space.

In finite-strain problems any vector-valued or tensor-valued state variables must be rotated to account for rigid
body motion of the material, in addition to any update in the values associated with constitutive behavior. The
rotation increment matrix, DROT, is provided for this purpose.

SSE, SPD, SCD
Specific elastic strain energy, plastic dissipation, and “creep” dissipation, respectively. These are passed in as the

values at the start of the increment and should be updated to the corresponding specific energy values at the end
of the increment. They have no effect on the solution, except that they are used for energy output.
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Only in a fully coupled thermal-stress or a coupled thermal-electrical-structural analysis
RPL
Volumetric heat generation per unit time at the end of the increment caused by mechanical working of the
material.
DDSDDT (NTENS)
Variation of the stress increments with respect to the temperature.
DRPLDE (NTENS)
Variation of RPL with respect to the strain increments.
DRPLDT

Variation of RPL with respect to the temperature.

Only in a geostatic stress procedure or a coupled pore fluid diffusion/stress analysis for pore pressure

cohesive elements

RPL
RPL is used to indicate whether or not a cohesive element is open to the tangential flow of pore fluid. Set rRPL
equal to O if there is no tangential flow; otherwise, assign a nonzero value to rRPL if an element is open. Once
opened, a cohesive element will remain open to the fluid flow.

Y

Variables that can be updated
PNEWDT

Ratio of suggested new time increment to the time increment being used (DTIME, see discussion later in this
section). This variable allows you to provide input to the automatic time incrementation algorithms in
Abaqus/Standard (if automatic time incrementation is chosen). For a quasi-static procedure the automatic time
stepping that Abaqus/Standard uses, which is based on techniques for integrating standard creep laws (see Quasi-
static analysis), cannot be controlled from within the uMaAT subroutine.

PNEWDT is set to a large value before each call to umaT.
If PNEWDT is redefined to be less than 1.0, Abaqus/Standard must abandon the time increment and attempt it
again with a smaller time increment. The suggested new time increment provided to the automatic time
integration algorithms is PNEWDT X DTIME, where the PNEWDT used is the minimum value for all calls to user
subroutines that allow redefinition of PNEWDT for this iteration.

If PNEWDT is given a value that is greater than 1.0 for all calls to user subroutines for this iteration and the
increment converges in this iteration, Abaqus/Standard may increase the time increment. The suggested new time
increment provided to the automatic time integration algorithms is PNEWDT X DTIME, where the PNEWDT used is the
minimum value for all calls to user subroutines for this iteration.

If automatic time incrementation is not selected in the analysis procedure, values of PNEWDT that are greater than
1.0 will be ignored and values of PNEWDT that are less than 1.0 will cause the job to terminate.

Fs

Variables passed in for information

STRAN (NTENS)
An array containing the total strains at the beginning of the increment. If thermal expansion is included in the
same material definition, the strains passed into uMAT are the mechanical strains only (that is, the thermal strains
computed based upon the thermal expansion coefficient have been subtracted from the total strains). These
strains are available for output as the “elastic” strains.
In finite-strain problems the strain components have been rotated to account for rigid body motion in the
increment before UMAT is called and are approximations to logarithmic strain.

DSTRAN (NTENS)
Array of strain increments. If thermal expansion is included in the same material definition, these are the
mechanical strain increments (the total strain increments minus the thermal strain increments).

TIME (1)
Value of step time at the beginning of the current increment or frequency.

TIME (2)
Value of total time at the beginning of the current increment.

DTIME
Time increment.

TEMP
Temperature at the start of the increment.

DTEMP
Increment of temperature.

PREDEF
Array of interpolated values of predefined field variables at this point at the start of the increment, based on the
values read in at the nodes.

DPRED
Array of increments of predefined field variables.

CMNAME
User-defined material name, left justified. Some internal material models are given names starting with the
“ABQ_" character string. To avoid conflict, you should not use "ABQ_" as the leading string for CMNAME.

NDI
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Number of direct stress components at this point.
NSHR

Number of engineering shear stress components at this point.
NTENS

Size of the stress or strain component array (NDI + NSHR).
NSTATV

Number of solution-dependent state variables that are associated with this material type (defined as described in
Allocating space).
PROPS (NPROPS)

User-specified array of material constants associated with this user material.
NPROPS

User-defined number of material constants associated with this user material.
COORDS

An array containing the coordinates of this point. These are the current coordinates if geometric nonlinearity is
accounted for during the step (see Defining an analysis); otherwise, the array contains the original coordinates of
the point.

DROT (3, 3)
Rotation increment matrix. This matrix represents the increment of rigid body rotation of the basis system in
which the components of stress (STRESS) and strain (STRAN) are stored. It is provided so that vector- or tensor-
valued state variables can be rotated appropriately in this subroutine: stress and strain components are already
rotated by this amount before uMAT is called. This matrix is passed in as a unit matrix for small-displacement
analysis and for large-displacement analysis if the basis system for the material point rotates with the material (as
in a shell element or when a local orientation is used).

CELENT

Characteristic element length, which is a typical length of a line across an element for a first-order element; it is
half of the same typical length for a second-order element. For beams and trusses it is a characteristic length
along the element axis. For membranes and shells it is a characteristic length in the reference surface. For
axisymmetric elements it is a characteristic length in the (7"7 z) plane only. For cohesive elements it is equal to the
constitutive thickness.

DFGRDO (3, 3)
Array containing the deformation gradient at the beginning of the increment. If a local orientation is defined at the
material point, the deformation gradient components are expressed in the local coordinate system defined by the
orientation at the beginning of the increment. For a discussion regarding the availability of the deformation
gradient for various element types, see Deformation gradient.

DFGRD1 (3, 3)
Array containing the deformation gradient at the end of the increment. If a local orientation is defined at the
material point, the deformation gradient components are expressed in the local coordinate system defined by the
orientation. This array is set to the identity matrix if nonlinear geometric effects are not included in the step
definition associated with this increment. For a discussion regarding the availability of the deformation gradient for
various element types, see Deformation gradient.

NOEL

Element number.
NPT

Integration point number.
LAYER

Layer number (for composite shells and layered solids).
KSPT

Section point number within the current layer.
JSTEP (1)

Step number.
JSTEP (2)

Procedure type key (see Results file output format).
JSTEP (3)

1 if NLGEOM=YES for the current step; 0 otherwise.
JSTEP (4)

1 if current step is a linear perturbation procedure; 0 otherwise.
KINC

Increment number.
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