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SUMMARY

For many joining applications, adhesive bonding is the favoured method. It provides the
ability to join dissimilar materials such as metals and plastics. Adhesive bonds can be
formed over large flange areas subsequently increasing the overall stiffness of the assem-
bly. In some cases, however, the bonding process can lead to distortions, i.e. unwanted
visible deformations, especially if thin-walled structures such as car body panels are in-
volved. These deviations from the intent shape might not affect the structural integrity
of a part, but, if visible to customers on a product’s surface, they can be considered an
aesthetic flaw. Distortions can be divided in local ones, which occur close to the bond
line, and global ones, which affect the geometry of the entire assembly.

In this thesis, the development of local panel distortions that occur in a hot-cure cy-
cle of an adhesive is studied. A laboratory sample is exposed to temperature cycles with
different heating rates and cure temperatures; the displacement of a steel strip is moni-
tored. The panel curvatures are measured after cure cycles with and without a dwelling
step at elevated temperature before the cure temperature is reached. A simulation model
is developed that takes thermal and chemical volume changes, the cure evolution, the
liquid-solid transition and stress relaxation of the adhesive into account. Mechanical
properties and expansion coefficients were measured and integrated in the simulation
model. Simulation results are compared with data from the experiments. The sensitivity
of the predictions of distortions to changing material properties is investigated.

Distortions can arise early in the cure cycle. Even during the heating phase, panels
can start to deform. The model predicts well the development of distortions. The in-
fluence of the temperature cycle on distortions is also reproduced by the model due to
the hypo-elastic formulation of the stress-strain relation during cure. A pre-cure step
can be used to reduce distortions. The model can reproduce that. Improvements, how-
ever, might be in a range in which also other effects play a role, such as deviations of
adherends from an intended shape before the bonding process. Predictions showed dif-
ferent sensitivities to changing material constants. In a set-up where the adhesive is not
confined, the bulk modulus did not show any significant influence on the predictions of
distortions, so that an estimate for it may suffice. Chemical shrinkage, however, needs

to be measured in-situ or should be corrected from measurements at room temperature
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viii SUMMARY

to fit the real behaviour at elevated temperatures, since the influence on distortions is
strong. The gel point, as the transition point from liquid to solid, has also a significant
influence on predictions of distortions and should be determined with sufficient accu-

racy.



SAMENVATTING

Voor vele verbindingstoepassingen is lijmen de geprefereerde methode. Het biedt de
mogelijkheid om verschillende materialen te verbinden, zoals metalen en plastics. Lijm-
verbindingen kunnen worden gevormd over grote flensoppervlakken, wat de algehele
stijfheid van de assemblage vergroot. Echter, in sommige gevallen kan het lijmproces lei-
den tot vertekeningen, d.w.z. ongewenste zichtbare vervormingen, vooral als er sprake
is van dunwandige constructies zoals autocarrosseriepanelen. Deze afwijkingen van de
gewenste vorm beinvloeden wellicht niet de structurele integriteit van een onderdeel, als
ze op het oppervlak van een product zichtbaar zijn voor klanten kunnen ze worden ge-
zien als een esthetische tekortkoming. Vertekeningen kunnen worden verdeeld in lokale
vertekeningen, die plaatsvinden dicht op de verbindingslijn, en globale, die de geome-
trie van de gehele assemblage beinvloeden.

In dit proefschrift wordt de ontwikkeling bestudeerd van lokale paneelvertekeningen
die plaatsvinden in een hete-uithardingscyclus van een lijm. Een laboratoriummonster
wordt blootgesteld aan temperatuurcycli met verschillende opwarmingssnelheden en
uithardingstemperaturen. Daarbij wordt de verplaatsing van een stalen strip gemeten.
De paneelkrommingen worden gemeten na uithardingscycli met en zonder een verblijf-
tijd op verhoogde temperatuur, voordat de uithardingstemperatuur is bereikt. Een simu-
latiemodel wordt ontwikkeld dat rekening houdt met thermische en chemische volume-
veranderingen, de evolutie van de uitharding, de vloeibaar-vast overgang en de span-
ningsloslating van de lijm. Mechanische eigenschappen en expansie-coéfficiénten wer-
den gemeten en geintegreerd in het simulatiemodel. Resultaten van de simulatie worden
vergeleken met data van de experimenten. De gevoeligheid voor veranderende materi-
aaleigenschappen van de voorspellingen van vertekeningen wordt onderzocht.

Vertekeningen kunnen vroeg in de uithardingscyclus de kop opsteken. Zelfs tijdens
de opwarmfase kunnen panelen beginnen te vervormen. Het model voorspelt goed de
ontwikkeling van vertekeningen. De invloed van de temperatuurscyclus op vertekenin-
gen wordt ook door het model gereproduceerd dankzij de hypo-elastische formulering
van de spannings-rek relatie tijdens uitharding. Een voor-uithardingsstap kan worden
gebruikt om vertekeningen te verminderen. Het model kan dat reproduceren. Echter,

verbeteringen zouden in een bereik kunnen zijn waarin ook andere effecten een rol spe-
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len, zoals afwijkingen van een gewenste vorm van de te lijmen onderdelen, voor het
lijmproces. Voorspellingen lieten verschillende gevoeligheden voor veranderende ma-
teriaalconstanten zien. In een opstelling waarin de lijm niet ingesloten is, vertoonde de
compressiemodulus geen significante invloed op de voorspellingen van vertekeningen.
Een schatting van de compressiemodulus kan dus volstaan. Chemische krimp moet ech-
ter in-situ gemeten worden of moet gecorrigeerd worden van metingen bij kamertempe-
ratuur om het gedrag bij verhoogde temperaturen te passen, aangezien de invloed ervan
op vertekeningen groot is. Het gel punt heeft als omslagpunt van vloeibaar naar vast ook
een significante invloed op voorspellingen van vertekeningen en moet met voldoende

nauwkeurigheid vastgesteld worden.
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INTRODUCTION

Adhesive bonding is a well-established joining technology in many fields of application.
Important advantages over other joining methods, such as spot-welding or mechanical
fastening, are a higher stiffness due to a more uniform stress distribution by a continuous
joint and the ability to join dissimilar materials. It allows the construction of sandwich
structures and multi-layered (fibre-metal) laminates with good damping characteristics
and excellent crack resistance for aerospace components. Adhesives are used for direct
glazing, hem-flange bonding, anti-flutter bonding, the bonding of plastic components
and structural bonds in the automobile industry [1]. The tendency towards a larger ma-
terial diversity driven by the need to limit vehicle weight and consequently reduce CO,
emissions strengthens the position of adhesive bonding among other joining methods.
Hot-curing one-part adhesives are especially beneficial in car body production: the cure
process can be integrated in other thermal cycles after e-coating; additional production
steps for surface decontamination are not needed because of their good oil absorption
(2].

In some cases, however, the bonding process can lead to distortions, i.e. unwanted
visible deformations of the assembly. Especially bonding processes at high temperatures
and bonding of thin-walled structures like car panels are more sensitive to distortions.
The residual stresses that occur during the bonding process can lead to cracks in the
adhesive layer and consequently to bond failure. But even if the structural integrity is not

affected, distortions can be considered defects. A distorted panel surface is perceived as
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avisual quality flaw by the customer and, therefore, unacceptable for manufacturers. On
highly polished surfaces such as outer car panels even small deformations remain visible
to the human eye.

Panel distortions can be divided into local and global ones. Local distortions occur
directly at the bond line while global ones affect the entire geometry of the assembly, see
figure 1.1. To prevent the occurrence of distortions, a thorough understanding of how
they develop during the bonding process is needed. While experimental studies, such
as monitoring the panel position in a bonding process or measuring the panel curvature
after cure, are essential for that, process simulations can not only help to predict, but

also give deeper insight into the development of distortions.

— Design intent surface Global

surface deviation

Local
surface deviation

/":,’\ Design intent surface

(a) Local distortion (b) Global distortion

Figure 1.1: Local and global type of panel distortions [3].

1.1. SCOPE OF THIS THESIS
In this work the development of panel distortions due to adhesive bonding is investi-
gated. The research focusses on local distortions that arise during bonding with cross-
linking adhesives at elevated temperatures. The objective is to build up a thorough un-
derstanding of how local distortions develop over the entire cure cycle. Especially the
evolving thermomechanical properties of the adhesive are of interest. One goal is the
development of a simulation model that incorporates these properties. By accompany-
ing experimental studies in which panel distortions are monitored, the model provides
additional information on how the combination of certain properties, such as chemical
shrinkage and a liquid-solid transition, contribute to distortions. Moreover, it allows pre-
dictions of distortions for bonding processes in other cure cycles or with other adhesives
if the material properties are known.

The knowledge acquired will benefit industrial purposes. Insights into the physical

processes and their mathematical description in simulation models will help analysing
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and consequently avoiding the occurrence of panel distortions.

Chapter 2 summarizes the state of the art on the panel distortions in literature. Among

other things, publications on different distortion types, recommendations for avoidance
and mechanisms that cause panel distortions are reviewed. Simulation approaches to
predict distortions are discussed. Chapter 3 describes the experimental study on the
development of local panel distortions. On a laboratory sample, the displacement of a
steel strip is monitored while the sample is exposed to different cycles. A Differential
Scanning Calorimeter (DSC) is used to evaluate the cure process in the heating phase.
Estimates are given for displacement expected. In chapter 4 a finite-element model is
proposed and used to study the development of local distortions. The model takes stress
relaxation as well as chemical and thermal deformations into account. Several mate-
rial characterization tests are performed in chapter 5. The material data is used in the
finite-element model to simulate the bonding process from chapter 3. Simulations re-
sults and experimental data are compared. Chapter 6 describes a sensitivity analysis of
the simulation model to varying material parameters. In addition, the deflection of a
steel-aluminium strip after cure in two different cure cycles is investigated. Model pre-
dictions and measurements are compared. In chapter 8 final conclusions are drawn and

recommendations for future research are given.

1.2. MATERIAL

For all experimental research in this thesis the commercial adhesive BETAMATE 1496V
[4] (BM1496V) from Dow Automotive Systems is used. BM1496V is a one-part epoxy-
based rubber-toughened system that is used in automotive applications for metal bonds.

The producer recommends cure at 170 ° C (30 minutes) or 155 ° C (60 minutes).

REFERENCES
[1] W. Brockmann, P. L. Geif3, J. Klingen, and B. Schréder, Adhesive Bonding - Materials,
Applications and Technology (Wiley-VCH, 2009).

[2] C.Adderley, Adhesive bonding, Materials & Design 9, 287 (1988).

[3] H. Fuchs, K. D. Fernholz, and P. Deslauriers, Predicted and Measured Bond-Line
Read-Through Response in Composite Automotive Body Panels Subjected to Elevated
Temperature Cure, Journal of Adhesion 86, 982 (2010).

[4] Dow Automotive Systems, BETAMATE™ 1496V, data sheet.






BACKGROUND

In this chapter literature on the panel distortions due the hot-curing adhesives is reviewed.
Different types and causes as well as avoidance strategies are discussed. Common simu-
lation models and relevant concepts to describe the cure process are recapitulated. The
liquid-solid transition, chemical shrinkage and thermal expansion of the adhesive as well
as the temperature field in the oven contribute to panel distortions. For distortions that
arise from relative movements of adherends, the temperature field is an important factor
that needs accurate measurements or predictions. Studies on actual bonding processes
in real industrial applications are needed for that type of distortions. Other types of dis-
tortions can be linked to the changing properties of the adhesive during cure. A compre-
hensive study on development of these distortions over the entire cure cycle by means of
a simulation model that takes stress relaxation, thermal and chemical shrinkage into ac-
count has not been done yet. Another important field of research is the development of a
severity scale for panel distortions. Comparing the severity of distortions helps to improve
the robustness of bonding processes. However, a general objective severity scale is not yet
applied in industry.

2.1. INTRODUCTION
Two advantages of adhesive bonding were already mentioned: joints over large flange ar-
eas offer a more uniform stress distribution and ultimately a higher stiffness and strength;

different materials such as polymers and metal can be joined without rivet or bolt holes
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weakening the structure. A detailed comparison of joining techniques in an automotive
application was done by Barnes and Pashby [1, 2]. The authors point out that adhe-
sives offer additional functionality: they act as dampers, isolators or sealants. Adhesives
protect hemmed metal sheet edges from corrosion and prevent fluttering of car pan-
els. In addition, adhesive bonding involves less heat input and lower temperature gra-
dients than welding or brazing. That results in less distortions. The bond line behind
a highly polished panel of a car door remains usually invisible. In rare cases, however,
read-through effects can occur, in which bond lines cause visible markings on the panel,
or the entire structure becomes distorted. This chapter reviews the literature on such
distortions.

Adhesives can be divided into two groups: those which set in a chemical reaction and
those which set by physical change like loss of solvent or water or cooling from a melt [3].
Adhesives that cure by chemical reaction require a curing agent or a catalyst to initiate
the cure process. Epoxy, polyurethane, modified acrylic, cyanoacrylate and anaerobic
systems belong to this type of adhesives [4]. Metal ions of the substrate or moisture can
act as catalysts as well. These adhesives are commonly thermosetting polymers. For
some systems, an activation by radiation or heating is necessary. Elevated temperatures
usually promote bonding distortions. This review focusses on hot-cure temperature cy-

cles as they are often applied for one-part epoxies.

2.2. PANEL DISTORTIONS DUE TO HOT-CURING ADHESIVES

2.2.1. TYPES

To understand the origin of distortions, it is necessary to differentiate certain types. Eis
[5] investigated distortions of car panels that can occur during car body production. He
identified four different types of distortions, see figure 2.1. For each of the cases shown,
Eis identified the mechanism and gave recommendations (see section 2.2.3) to avoid
them. His results are summarized here.

Case 1: Outwards bulge at the bond line. A temperature difference between inner and
outer panel increases the bonding gap. The adhesive, still in the liquid state, follows that
movement. After that, the adhesive solidifies in the widened gap. During cooling down,
the assembly returns to the position before the heating. The bonding gap, however, can-
not shrink due to the solidified adhesive.

Case 2: Deformations directly next to the bond line. The adhesive is squeezed out

from the bonding area during heating. The adhesive layer is thicker outside the intended
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Before cure After cure

1)

Panel

Adhesive

2)

3)

4)

Figure 2.1: Deformation cases defined by Eis [5].

bonding flange area. The thermal shrinkage is proportional to the layer thickness. In the
border zone the squeezed out adhesive pulls in the outer panel to a greater extent than
the adhesive in the middle of the bonding area.

Case 3: Bulged panel between two bond lines. A temperature difference between in-
ner and outer panel arises during cooling down. The faster cooling adherend contracts
faster than the other. Still in the liquid state, the adhesive allows the relative movement
between the adherends. During further cooling the adhesive solidifies. The adherends
are fixed in their shifted position. One of the adherends forms a bulge between the bond

lines.

Case 4: Inwards bulge at the bond line. The expansion of the adhesive in the heating
phase is constrained; the bonding gap size does not change. Some of the adhesive is
squeezed out from the bonding area. Therefore, there is less adhesive mass in the bond-

ing area. The outer panel is pulled in by the thermally shrinking adhesive during cooling.
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To apply the classification shown in figure 1.1, cases 1, 2 and 4 may be considered lo-
cal distortions while case 3 describes the global type. Combinations of types are also
imaginable. Local distortions are also referred to as bond-line read-through [6-8] or
bond-line read-out [9, 10]. In case of outer car panels, visible distortions, even though
they may not affect the structural integrity, are considered defects unacceptable to cus-
tomers [8]. Even with displacements of less than 10 micrometres, the local type can
remain visible to the human eye [11].

Global distortions may reach displacements of several millimetres [5]. It is notewor-
thy that they can also occur in cases where additional joining methods seemingly pre-
vent the relative movement of the adherends. Meschut et al. [12-14] compared adhe-
sive bonds with rivet and hybrid joints. The high thermal stresses resulting from an "a-
mismatch" of the materials involved can permanently damage the joint area and cause
distortions even if rivets support the adhesive bond.

Blunk and Wilkes conducted research into another type of panel distortions [15-17].
The bond line creates a temperature sink during the coating process of bonded panels.
That temperature sink affects the surface tension of the coat and, therefore, its flow on
the substrate surface. After cure of the coat, a visible surface defect can remain along the
bond line. That type of distortions differs from the previous ones since the defect is not

caused by a panel deformation during the bonding process, but occurs during coating.

2.2.2. CAUSES AND DEVELOPMENT

Hahn and Orth [6] named thermal and chemical deformation of the adhesive as well as
relative movement of the adherends as contributing factors to distortions. The latter is
caused by the expansion of the whole structure in the oven when the adhesive cannot
sustain any load yet. The adherends will freeze in their current state at the moment the
adhesive begins to transfer forces; they cannot return to their state before the cure cycle.
Relative movements depend on the fixture and the mechanical properties of the assem-
bly. Some researchers regard the temperature field in the oven as the most important
factor for relative movements [5, 18].

Chudaska and his co-workers [19-22] investigated the displacement of composite
panels during cure cycles with different cure temperatures, heating and cooling rates.
They found that the temperature profile influences not only the development of dis-
placements, but also the final displacement after the cure cycle. The displacement of
the panel appears in two distinct steps. They conclude that the first step is caused by
the chemical shrinkage and the second one by thermal shrinkage during cooling. Eis [5]
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identified flow-out of the adhesive as an additional factor.

2.2.3. SUGGESTED STRATEGIES TO AVOID DISTORTIONS

Eis [5] provides strategies for each of the cases in figure 2.1. Those include: homogeniz-
ing the temperature during cure by lowering the heating rate or by improving the air flow
in the oven (cases 1 and 3), modifying adhesive properties such as reducing thermal and
chemical shrinkage or a lowering glass transition temperature (cases 1, 3 and 4), better
dosing of the adhesive to avoid squeeze-out (case 2) and better design of the bonding
area to prevent varying adhesive layer thickness (case 2). A lower cure temperature is
also considered beneficial [23]. Lee [9] recommends to reduce the mismatch in thermal
expansion coefficients (CTE) between panel and adhesive and to increase the Young’s
modulus ratio of panel to adhesive. A typical remedy for distortions is to increase the
thickness of the panel [8], which has been proven in laboratory tests to reduce distor-
tions [21, 24]. However, that contradicts lightweight design guidelines which are of great

importance to the aerospace and automotive industry.

2.2.4. VISUAL EVALUATION OF DISTORTED SURFACES

An evaluation of the visual surface quality involves the identification of visual defects.
For panel distortions that originate from the bonding process, identifying a defect is not
always easy. Hahn and Orth [6] point out that broadening the bond line may decrease
the deformation of a panel. They assume, however, that the reduced deformation is
perceived as more severe. Fuchs et al. [8] state that relatively large displacements of the
global type might not be viewed as defects. A curved panel that has a slightly different
radius of curvature than intended might still be accepted since customers do not make
comparisons to a reference shape. Large changes in curvature along a short path on the
panel surface can become visible through unsteadiness in light reflections.

Car panels are usually evaluated by personnel. That involves subjectivity to some
extent [11] and, therefore, the risk of unnecessary part rejections. It is desirable to as-
sign values to distortions, which would allow to compare their severity. By that, a defect
threshold could be specified and bonding processes could be evaluated more easily with
regard to their robustness to bonding distortions.

Eis gives an estimate for a defect threshold from which on deformations become vis-
ible [5, p. 37 ff.]. Research has been conducted into a severity scale for distortions in
car panels and into correlating the scale to human perception [11, 25-29]. Fernholz [30]
proposes the variation in surface curvature as a measure for distortions. Her procedure

to measure severity correlates well to human perception for panels intended to be flat.
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She points out, however, that how to distinguish between intended part curvature and

curvature that includes unwanted panel distortions remains an open question.

2.3. LINEAR VISCOELASTICITY
The stress-strain relation of polymeric systems such as adhesives can often, when sub-
jected to small strain and small strain rates, accurately be described by the theory of lin-
ear viscoelasticity. Many prediction models for panel distortions describe the adhesive
with viscoelastic relations. Here, a short extract is given based on the various textbooks
on that topic [31-35].

A linear viscoelastic material is described by the convolution integral

t

o(t) = f E(t-Dé(Ddi, 2.1

—00

where (-) denotes the derivative with respect to time #; o and ¢ are the one-dimensional
stress and strain function, respectively. The role of relaxation function E(f) becomes
apparent when equation 2.1 is solved for a strain function which jumps from zero to ¢
at t = 0. In that case, the stress response follows the relaxation function: o (¢) = E(t)&,

see figure 2.2.

13
&
0 t
(o)
E(t)&
0 t

Figure 2.2: Stress response of a linear viscoelastic material to a sudden strain step £ at £ = 0.

The relaxation function is often written as a Prony series

M t
E(t)=Ex+ ) Emexp (——)
m=1 T

= m
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with the long-term or equilibrium modulus Ey. (E;;, T1,) is the discrete relaxation spec-
trum.

The resulting stress-strain relation

t

M
0(1) = Ext()+ Y Ep f exp(
m=1

—00

-i)s(f)df 2.2)

m

coincides with the so-called generalized Maxwell model which describes the stress-strain

relation with a system of springs and dash pots, see figure 2.3. Spring elements have an

ol

Figure 2.3: The generalized Maxwell model represents the stress response to strain analogue to a force response
to relative displacement in depicted system of dash pots and springs.

elastic modulus E,;, while dash pots have a viscosity 1,,. Force applied in that model is
analogue to o, the displacement is analogue to € and the displacement rate is analogue

to £. The equation
M
0() = Exe(D) + Y Epu™ (1) 2.3)
m=1

together with the differential equation

llm(t)+ium(t)=é(t), m=1,2,..M, (2.4)

Tm

and

Tm =Nm!Em

describes such a model. The solution is equation 2.2.
There are other ways to describe the stress relaxation than with the discrete spectrum
(Em, Tm); with continuously varying relaxation times for instance. The Prony series has

the advantage that it can represent experimental relaxation curves spread over several
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time decades at sufficient accuracy if the relaxation times 7, are chosen adequately. In
addition, it is computationally cheap because equation 2.4 can be discretized in a one-

step numerical scheme requiring to store information about the previous step only.

2.3.1. RESPONSE TO SINUSOIDAL STRAIN EXCITATION
A common approach to determine viscoelastic functions is to apply a sinusoidal strain
load £(#) = gy sin(wt) of an amplitude ¢y and a radial frequency w. With the substitution

s=t— f and the relation cos(x — ¥) = sin(x) sin(y) + cos(x) cos(y), equation 2.1 becomes

o(t)=¢g a)fE(s)sin(ws)ds sin(wt) + &g a)fE(s)cos(ws)ds cos(wt) (2.5)
0 0

with the storage modulus

(o]

Ew =0 f E(s)sin(ws)ds (2.6)
0

representing the stress part in-phase with the strain and the loss modulus

E'w) =w f E(s) cos(ws)ds 2.7
0

representing the stress part in-phase with the strain rate. Interpreting the measured
stress response as a shifted sine curve o () = g¢sin(wt — 6) with a phase lag § allows
to determine E’ and E” through

o o
E () = -2 cosd, E"(w) = ~2sind
£ €0

and

"

¥ =tand,

which, in turn, allow to calculate E(¢) through inverse Fourier transformation:

S 3
E(t)=E(oo)+%stin(a)t)dw

0
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or

2 TE ()
E(1) = E(c0) + —f
T w

0

cos(wt)dw.

2.3.2. THREE-DIMENSIONAL STRESS-STRAIN RELATION

The integral 2.1 can be generalized to three dimensions
L
oij(t) = f Cijri(t—Dég (D)1,

where g;; is the Cauchy stress tensor, €, the linear strain tensor and C; jx;(¢) a fourth
order relaxation tensor. In case of an isotropic material, C;ji; contains two indepen-
dent relaxation functions, e.g. the bulk relaxation modulus K (¢) and the shear relaxation
modulus G(?):

t t
oij(f)= f K(t- i)ékk(i)aijdi—g f G(t - Dérx(0;;dE
~00 —o0
t
+2 f G(t-Dé;j(Ddi, (2.8)
)
where §;; is the Kronecker delta. Definitions for loss and storage moduli and the re-
laxation function can be applied accordingly to the tensile, shear or bulk modulus by
replacing the designated strain and stress components.
In case of a viscoelastic fluid, the shear modulus G(t) approaches zero for t — oco.

Moreover, a Newtonian fluid reaches steady-state flow, in case of a simple shear defor-

mation with the constant shear rate £1,:
012 =20¢€12.

Equation 2.8 yields
(e )
nsz(f)di, (2.9)
0

where 7 is the zero-shear-rate viscosity [31]. For a solid, G(¢) approaches a value G,

different from zero for ¢ — oco.
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2.3.3. THERMORHEOLOGICALLY SIMPLE MATERIAL
This section summarizes the relationship between a thermorheologically simple mate-
rial and the time-temperature superposition principle as described in [34].

For a thermorheologically simple material, n7,,, are the only material constants shown
in figure 2.3 that vary with temperature. Moreover, all ,,, depend on temperature in the
same mannert, so that the dependence of all 1, can be described by a single function
a(T):

Nm=a(l)n’,, Tm=a(l1y, m=12,..,M, (2.10)

where T is the temperature and 7}, and 7}, denote the mth viscosity and relaxation time
at a reference temperature T, respectively. Now, the so-called reduced time (or material

time) ¢ can be introduced:

A~

dz : 1
t)= —, ¢() = ——.
(1) f (1) (1) (D)

At a temperature T =const. other than T;, equation 2.4 transforms to

u™ () + u™ (1) = &(p). (2.11)

a(D)1,,
With the substitute functions
GEM) =0, EE®) =€), a™E&E®) =u™®),

and application of the chain rule follows

M
G() = Exf (&) + Y Enu™ (&), (2.12)
m=1
1
@m'© + T—a’"(f) =&, (2.13)

where ()’ denotes the derivative with respect to ¢.
Equation 2.12 and 2.13 coincide with equation 2.3 and 2.4 except that the time vari-

able is replaced by ¢ and 7, by 7},. Accordingly, the solution coincides with equation
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2.2:

r
A

M - A A
6@=%ﬂ&+zﬁﬁf®mb2£%%M6
m=1 AN Tm

Reverse transformation leads to

t

~

M S B WA
a(t)_Emg(t)+n;1Em_£ exp(—m)e(ﬂdt. (2.14)

Comparing equation 2.2 and 2.14 results in

E(t,T)=E|——, T}|.

“h &U)J

In other words, the relaxation function at a temperature T equals the one at the reference
temperature T, if the time variable is scaled with a factor 1/a(T) or, on a logarithmic time

scale, if the curve is shifted by log a(T). Accordingly,

E(w,T)=E (wa(T), Ty, (2.15)
E'w,T)=E"wa(D), T,

hold for the dynamic moduli in equation 2.6 and 2.7.

The assumption of thermorheologically simple behaviour entails a tremendous re-
duction of time and effort needed for the experimental determination of relaxation curves.
Instead of measuring relaxation curves at different temperatures over the entire time
scale, measurements at different temperatures over a smaller time interval can be made.
The curves obtained are shifted and reassembled to a master curve, see figure 2.4.

The relaxation curves at different temperatures for a thermorheologically simple ma-
terial are all identical if plotted over ¢ instead of . The temperature dependence lies
within ¢ entirely. Therefore, ¢ is often referred to as material time or material clock as
it describes how fast or slowly relaxation processes in the material take place at a desig-
nated temperature.

For polymers, a(T) can be interpreted as the ratio of the monomeric friction coeffi-
cient at the current temperature T to the one at the reference temperature 7; [32]. In-
stead of temperature, the material time can also describe dependence on other param-

eters such as moisture or degree of cure [36] with analogue superposition principles.
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Figure 2.4: Curves measured over a small window of frequencies at different temperatures are assembled to a
master curve.

2.4. THE CURE PROCESS

2.4.1. DEGREE OF CURE
During cure, the adhesive transforms from a viscous fluid to a viscoelastic solid. The
exothermic cross-linking reaction causes heat release and a volume shrinkage of the ad-
hesive. In addition, the glass transition temperature increases.

As a simplification of the chemical process, the reaction can be described by a single
variable, the degree of cure g. g can be defined as

(t)—@ (2.16)
9 =—— .

(o¢]

where H(?) is the accumulated released heat and H,, is the ultimate heat after comple-
tion of the chemical reaction. Equation 2.16 suggests that the cure rate can be deter-
mined directly by monitoring the heat flow to and from a material sample. A DSC is
often used for that purpose [18, 24, 37, 38].
Equations for the cure rate often have the form
dg

Fria flq,T..), (2.17)

where T is the absolute temperature. A list of different evolution equations for the de-
gree of cure can be found in [39]. Wenzel [38] points out that the general equation for

autocatalytic reactions

g =(n+rq™A-q"
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from Horie et al. [40] has been used to describe epoxy cure in many cases. It was applied
in the empirical sense, that is reaction orders m and n may not be integers. A modified
version has also been used successfully to describe automotive adhesives [18, 24]. the
special case for r; = 0 is investigated in [41].

2.4.2. CHEMICAL SHRINKAGE

The cure process also leads to volume changes of the adhesive. Next to temperature-
induced expansion and shrinkage over a non-isothermal cure cycle, the cross-linking of
polymer chains reduces the specific volume of the adhesive. This phenomenon is often
referred to as cure shrinkage or chemical shrinkage. The relative volume shrinkage due
to curing can vary for different types of adhesives. Table 2.1 lists values for common
adhesive types [42].

Table 2.1: Relative cure-induced volume shrinkage of common adhesives [42].

Adhesive type Relative volume shrinkage (%)
Acrylic 5-10

Epoxy 4-5
Polyurethane 3-5

Polyamide 1-2

Silicone <1

The volume shrinkage can be determined by measuring the specific volume before
and after cure. This can be done by weighing or by buoyancy measurements and has
already been applied for automotive adhesives [18, 43]. But also continuous measure-
ments over time are possible [38, 44-46].

De Vreugd [47, p. 70] points out that the measurements before and after the cure
cycle are usually done at ambient temperature. In non-isothermal cure cycles, that tem-
perature is far below the cure temperature at which the shrinkage presumably takes
place. These measurements are therefore not accurate for hot-curing adhesives. Con-
sequently, he measures the volume change over the entire cycle. His reasoning implies
that the thermal expansion of the adhesive in the heating phase is different from the
thermal volume reduction in the cooling phase. This is true provided that the fully cured
adhesive passes the glass transition temperature during cooling down at which its CTE

changes significantly.
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2.4.3. GELATION

The transition from a viscous liquid to viscoelastic solid can also be seen as a sol-gel
transition. The moment the polymer turns into a solid is the gel point. Before the gel
point, the polymer consists of finite clusters and is called a sol as it is soluble in a solvent.
From the gel point on, it is called a gel and is not soluble anymore since it consists of
a macromolecule of infinite molecular weight [48]. Discussions on different gelation
theories can be found in [38, 48, 49].

To describe the development of distortions in a bonding process, the changing macro-
scopic mechanical properties of the adhesive are of interest. Te Nijenhuis [50], even
though pointing out difficulties in defining a gel, describes the gelation process and the
gel point as follows: "The system is liquid-like before crosslinking starts and remains a
liquid till the viscosity becomes infinite. At that moment, which is called the gel point,

there is at least one molecule with an infinite molecular weight. After the gel point, an

equilibrium shear modulus develops|...]." Figure 2.5 illustrates that. Indeed, a nonzero
(%]
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Figure 2.5: Schematic representation of changing material properties during cure [50].

equilibrium shear modulus causes the viscosity to be infinite as the integral in equation
2.9 has no finite solution; steady-state flow cannot be achieved anymore.

Different approaches to determine the gel point can be found in [50]. Rheological
methods rely on the change of mechanical properties at the gel point. The storage mod-
ulus, for instance, rises in measurements during cure from an immeasurably low value.
That jump can be identified as the gel point [43]. It is often assumed that the point
where storage and loss modulus are equal is the gel point. In a viscous liquid, most of

the energy supplied dissipates (G’ < G") while in an elastic solid, more energy is stored
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(G' > G"). Hence, the transition point with G’ = G” is assigned to the gel point. The

empirical method of Winter and Chambon assumes

U

% = tan(%)

to hold at the gel point [50]. For stoichiometric balanced systems, n is 0.5.

2.4.4. GLASS TRANSITION

Non-crystalline polymers can show a rubbery behaviour with low stiffness at high tem-
peratures and a glassy behaviour with high stiffness at lower temperatures. The temper-
ature at which the polymer transfers between these two states is called glass transition
temperature T,. Glass transition affects not only mechanical properties. The heat capac-
ity shows a peak at T, and the slope of the CTE has a discontinuity at T,. Therefore, it is
common to determine T, by measuring the specific volume as a function of temperature
[49] or via a DSC [18, 51].

The glass transition temperature increases during cure and reaches a final value when
all cross links are formed. Models for the development of T can be found in [52, 53]. An
increasing glass transition temperature during cure implies that the polymer can go over
into the glassy state (vitrification) during isothermal cure if the glass transition temper-
ature surpasses the cure temperature or even during heating if T, raises faster than the
temperature. Lange et al. [54-56] and Wenzel [38] investigated cure progress and resid-
ual stresses for cross-linking polymers above and below the glass transition temperature.

The glass transition temperature can affect the cure rate. When the temperature falls
below the glass transition temperature, the mobility of polymer chains becomes severely
restricted. The reaction becomes diffusion-controlled [52]. The cure process slows down
significantly, even to a point where complete cure is not reached anymore [57]. To avoid
incomplete cure in bonding processes, adhesive producers usually recommend a cure
temperature well above the final glass transition temperature. Structural adhesives re-
quire moduli in the order of magnitude of 10° Pa [58]. To meet these requirements, they
cannot operate in a rubbery state, but need to be cooled down below their glass transi-

tion temperature after cure.
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2.5. MODELLING APPROACHES

2.5.1. LINEAR ELASTICITY

In an early work, Gent [59] used simple linear stress-strain relations to estimate stresses
in an adhesive layer between two rigid plates during cooling. He assumes the adhe-
sive to be stress-free at elevated temperature. Stresses that might originate from the
cross-linking of the adhesive before cooling are not accounted for. Hahn and Pagano
[60] examined the manufacturing process of composite laminates. They argue that the
modulus of the polymer is low during cross-linking and assume a stress-free state when
the material is fully cured and cooling sets in. They calculate cooling stresses by means
of a linear elastic model. It has been common to calculate cooling-down stresses rather
than cure stresses in composite materials [61-63]. The same approach is used for panel
distortions due to hot-curing adhesives [64].

Kim and Hahn [65] investigated a two-step cure cycle where a composite structure
dwells at elevated temperature first before it is heated up further to the final cure tem-
perature. They found that warpage begins to develop from the gel point on, at both dwell
and cure temperature before the cooling phase. White and Hahn [66] worked on the cure
cycle optimization. They found that warpage for a specific composite material can be re-
duced when another dwelling step before the cure temperature is integrated in the cure
cycle. Evidently, these effects cannot be reproduced by prediction models that focus on
the cooling phase only.

2.5.2. LINEAR VISCOELASTICITY

Weitsman [67] found that thermal stresses in epoxy composites are overestimated when
calculated with a linear elastic model. His linear viscoelastic model yields better re-
sults. Jendrny [18] investigated panel distortions in automotive structures due to ad-
hesive bonding. He looked into different kinds of adhesives. In his research, a linear
elastic model based on the equilibrium modulus of the adhesive showed satisfactory re-
sults only for adhesive types that have a glass transition temperature at or below room
temperature. A structural adhesive with a T, close to 100 °C requires a linear viscoelastic
description. Similar conclusions are drawn by Fuchs et al. [8]. Several viscoelastic mod-
els for the prediction of local panel distortions focus on the cooling phase only [8, 10, 24].

2.5.3. CHEMICAL SHRINKAGE
In some models, the chemical shrinkage during cure is neglected [24, 64]. It is reasoned

that the contribution of chemical strain to residual stresses compared to that of thermal
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deformation is small [6, 68]. Genidy et al. [69], however, point out that the influence of
chemical strain in [68] was later proven to be underestimated [66]. Experimental work
on curing adhesives indicate that a significant portion of panel distortions that develop

before the cooling phase is caused by chemical shrinkage [20].

2.5.4. CURE-DEPENDENT MODELS

Adolf and Martin [36, 70] developed a constitutive model that accounts for the devel-
oping viscoelastic properties during cross-linking. Analogue to thermorheological sim-
plicity (section 2.3.3), they propose chemorheological simplicity with a degree-of-cure-
dependent shift factor and equilibrium shear modulus. Their model shows good agree-
ment with experimental data for stresses in curing epoxies [71] and has also been imple-
mented in finite-element code to predict stresses in electronic components [51]. Others
applied their model successfully to coating processes [72] or electronic packaging [73].
Also, cure-dependent models which include plasticity [74, 75] can be found in literature

as well as models for large strain and non-linear behaviour [39, 76-79].

2.5.5. TEMPERATURE CYCLES

The highly automated production of car bodies is a complex and time-sensitive pro-
cess. The cure process of adhesives does usually not happen in a separate step, but is
integrated in the thermal cycles after electrophoretic coating [80]. The temperature dis-
tribution of car bodies within the dryer ovens depends on the complex air flow around
the structures. Jendrny [18] names the temperature field in the oven as the main factor
for global distortions. He recommends a heat flux analysis prior to stress calculations.
Blanke [80] investigated the temperature distribution in dryer ovens of an automotive
plant by means of computational fluid dynamics. She concludes that the accuracy of
these simulations needs to be increased in order to facilitate accurate predictions of the
cure process of adhesives. It is noteworthy, however, that simulations of the temperature
development in dryer ovens in combination with a cure-dependent material model have
been used recently to predict relative movements of adherends in car body production
[81].

2.6. DISCUSSION AND CONCLUSIONS
Panel distortions due to adhesive bonding has been subject to research for many years.
Most of the studies were aimed at the automotive industry where adhesive bonding is an

established joining technology for car panels.
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While the structural integrity of an adhesive bond can be evaluated objectively, the
assessment of the surface quality of a bonded panel bears the challenge of accounting for
human perception. That makes the evaluation and improvement of bonding processes
difficult. A severity scale as an objective measure to characterize distortions would al-
low an optimization of bonding processes by providing comparability. Therefore, the
research and the progress in that area benefits the reduction and avoidance of distor-
tions. It should be noted, however, that such a scale — in a general sense — may not exist.
Manufacturers usually define their own measure of quality and what standard of quality
to offer. While insights in human perception are certainly welcome, the dictation of a
quality scale might be dismissed.

Once distortions occur, they can be easily assigned to the local or global type. For
research purposes, another classification might be more favourable: 1) those which are
caused mainly by the relative movement of adherends and 2) those which are caused
mainly by the changing properties of the adhesive such as thermal and chemical shrink-
age. Type 1 includes global distortions in which bulges are formed between two bond
lines. But also local ones where the shrinking or growing size of the bonding gap causes
distortions belong to this group. A clear distinction between these types requires a pre-
ceding examination and may not be possible in some cases. However, these types have
different origins and should be handled differently.

The relative movement of adherends is caused by the thermal expansion of the entire
structure in the oven. That means the temperature field, the fixture and the geometry of
the assembly, and the materials involved affect this type. The materials affect the heat
conduction which, in turn, affects the temperature field. The geometry affects the air
flow in the oven which, in turn, again, affects the temperature field. While these pro-
cesses are well understood, they can be quite complex in real applications. The author
believes that research on this type of distortions cannot be limited to laboratory studies.
Actual bonding processes of real parts need to be investigated.

For type 2, the research on the cooling phase suggests viscoelastic models for the
adhesive to describe the development of distortions especially if glass transition takes
place during cooling. Temperature- and cure-dependent models have been proven to
accurately reproduce the relevant effects such as thermal and chemical shrinkage and
are applied to cross-linking polymers in many other fields. A comprehensive study on
the development of panel distortions over an entire cure cycle by means of these models
is unknown to the author.
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INFLUENCE OF THE TEMPERATURE
CYCLE

Adhesive bonding is becoming a more and more important joining technology in automo-
tive industry. Hot-curing epoxy adhesives are often used for structural bonds of car body
shells. The cure process of the adhesive, however, can cause panel distortions. These dis-
tortions can occur close to the bond line (local distortions) or concern the whole geometry
of a part (global distortions). In order to avoid these defects, a fundamental understand-
ing of how distortions develop is needed. This chapter summarizes the experimental work
in which the development of distortions is monitored over entire temperature cycles by
means of a displacement measurement. The focus is on how different cure temperatures
and heating rates affect the development and the final state of local distortions. It was
found that distortions can already develop in the heating phase before the cure tempera-
ture is reached. Changes in the heating rate influence the development of distortions.

3.1. INTRODUCTION
Hot curing one-part epoxy adhesives are often used in automotive industry. They pro-
vide excellent chemical resistance, high strength and a good oil absorption needed in the

manufacturing process of car bodies. Furthermore, the elevated temperature needed for

A modified version of this chapter has been published in International Journal of Adhesion and Adhesives 50,
216 (2014) [1].

31



32 3. INFLUENCE OF THE TEMPERATURE CYCLE

the cure process of the adhesive is reached during the thermal cycles for the baking pro-
cess of the coatings. Thus, apart from a pre-cure treatment, additional time-consuming
steps do not need to be integrated in the manufacturing process.

One of the main challenges of adhesively bonded car body shells is the prevention of
surface defects. These defects develop during coating [2] or, in an earlier stage, during
bonding: the cure process of the adhesive can cause distortions, i.e. unwanted, visible
deformations of the adherends. Distortions can not only occur close to the adhesive
bond lines (local distortions), they can also affect the overall geometry of a structure
through bulging effects (global distortions).

In order to prevent these distortions by means of proper control of the bonding pro-
cess and a adequate selection of adherends and adhesives, a fundamental understand-

ing of how the distortions develop over time is essential.

3.1.1. LITERATURE REVIEW

The goal of the experimental study in this chapter is to monitor how local distortions
caused by the changing properties of the one-part epoxy adhesive BM1496V [3] develop
during cure over different temperature cycles.

Eis [4] investigated the mechanisms that cause surface distortions during the ad-
hesive bonding process of car body shells. He names the squeeze-out of the adhesive
from the bonding area (where the squeezed out adhesive shrinks and bends the upper
panel over an edge of the lower one), the chemical shrinkage of the adhesive, the ther-
mal shrinkage of the adhesive during cooling down and an in-homogeneous tempera-
ture distribution of the assembly, which leads to relative movements of the adherends,
as the main causes for the 4 distortion types he identified (see section 2.2.1 and section
2.2.2). He provides strategies for different deformation cases to reduce distortions, in-
cluding measures as lowering the cure temperature, reducing the adhesive squeeze-out
or reducing temperature gradients in the structure.

Experimental investigations on bonding defects [5] or panel distortions [6-8] mainly
focus on a state after manufacture. In that state the development of distortions is already
completed. Only in a few works distortions are monitored over time when the adhesive
material is chemically reacting under temperature changes.

Eis [4] monitored distortions caused by foaming polyurethanes for different heating
rates. These adhesives expand during the setting process in order to bridge larger bond-
ing gaps. He concludes that, for specific adhesives, the rate can affect the foaming (ex-
pansion) process and, therefore, distortions that remain after the cure cycle. One-part
epoxies that shrink during cure are not investigated.
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Chudaska and Hahn [9, 10] measured the displacement of a composite panel during
different cure cycles. A significant amount of displacement occurs before the cooling
phase and is influenced by the heating rate or the cure temperature. The authors ex-
plained that displacement by the chemical shrinkage of the adhesive. The displacement
in the cooling phase is caused by thermal contraction.

Hahn and Jendrny [11] monitored distortions by means of a displacement measure-
ment over time for one specific temperature profile. Their viscoelastic simulation model
shows good agreement with the experiment, even though displacements before the cool-
ing phase are neglected.

There have also been several other approaches to predict deformations due to curing
epoxies. Some prediction models are based on linear elastic material behaviour [12-16].
In other approaches viscoelastic properties are assumed [11, 17, 18], in which the stress
development during the heating phase was neglected.

In other publications, temperature- and cure-dependent viscoelastic material laws
are proposed [19, 20]. With these models the stress build-up during the entire temper-
ature cycle, i.e. also in the heating and the isothermal dwell period, can be taken into
account. However, to apply this approach to a specific adhesive many characterization
tests are necessary since material parameters need to be determined as functions of tem-
perature, time and degree of cure.

With regard to car panel distortions, the question arises if the newer approaches offer
better predictions and if they describe the process more realistically. The lack of exper-
imental data for the entire development process of distortions limits an analysis of this

topic.

3.1.2. RESEARCH QUESTIONS OF INTEREST
The cure process is accompanied by a number parallel processes: On a molecular level,
the polymer chains cross-link to a dense network. Macroscopically, this leads to an in-
crease in the mass density, i.e. chemical shrinking occurs. The mechanical properties of
the adhesive change as well. An increasing temperature leads to a decrease in viscosity.
The progress in cure increases the viscosity. In addition, the adhesive transforms from
a viscous fluid to a viscoelastic solid. It develops the ability to sustain static load other
than hydrostatic, i.e. an equilibrium shear modulus develops. Moreover, geometrical
changes of the entire structure occur due to temperature changes. The adhesive and the
adherends expand and shrink thermally.

The combination of these processes leads to stresses in the materials and between
the adhesive and the adherends. If these stresses are big enough, they will force the steel
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sheet to visually deform, i.e. panel distortions occur.

The cure process is temperature dependent. Therefore, changes in the temperature
cycle, e.g. a different temperature rate during heating or a different (maximum) cure
temperature, are expected to affect the development and the final state of distortions.

Hence, the following questions arise:
* How do local distortions develop during a temperature cycle?

— Are current models able to describe this development?

— When do distortions start to occur? Does the temperature rate affect this

point?
* How does the temperature cycle affect the final distortion?

- How does the maximum temperature (isothermal dwell period) influence the

remaining distortion?

— How does the temperature rate in the heating phase influence the final dis-

tortion?

3.2. STRATEGY
In order to answer the research questions, the development of local distortions in a steel
strip will be monitored over time for different temperature cycles.

Car panel distortions result from a three-dimensional displacement field in a com-
plex structure. Capturing the displacement function for each material point of a body
over the entire cure process would lead to both experimental difficulties and challenges
in data analysis. The approach chosen here is to perform displacement measurements
on a test specimen that is a simplified representation of a bond line in a situation in
which local distortions occur.

Figure 3.1 shows a drawing of such a scenario. It correlates with case 4 depicted in
figure 2.1. While in a liquid state, the adhesive is squeezed out at the edges of the bond
line. Subsequent shrinkage due to cross-linking or cooling pulls down the upper panel
and causes distortions [4].

The displacement curve of a single point of a steel strip right above a bond line is
monitored. This out-of-plane displacement is caused by the changing properties of the
adhesive. Assuming the adhesive causes distortions by displacing the strip locally at the
bond line, the displacement curve obtained indicates how distortions in the entire panel
develop over time. The test is performed for different temperature cycles.
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Panel Surface distortion

Adhesive

Before cure After cure

Figure 3.1: Local panel distortion resulting from adhesive cure [4].

3.3. EXPERIMENT AND DISPLACEMENT ESTIMATE

3.3.1. EXPERIMENTAL PROCEDURE
SPECIMEN
The test specimen is an assembly of an aluminium substructure (see figure 3.2) with a

steel strip. The steel strip with the dimensions 20 mm x 85 mm x 0.70 mm is placed

10 +0.05 30 £0.05

|

2 +0.01

20 +0.05
50 *0.05
90 *0.05

—

Isometric view Front view Left view Rear view

Figure 3.2: Dimensions of the substructure of the specimen in millimeters.

on top of the substructure above the 2-mm-deep bonding gap. Two aluminium blocks,
screwed to the substructure, prevent the steel strip from lifting upwards but allow an in-
plane movement (no clamping) of the steel strip in the longitudinal direction (see pho-
tograph in figure 3.3). A 10-mm-broad line of adhesive is applied between steel strip and
substructure. The out-of-plane (y-direction) displacement d of the central point of the
steel strip above the adhesive bond line is recorded (see figure 3.3). Similar specimens

have been used before by others [4, 10, 11].

MATERIALS

The substructure with the two blocks are made of aluminium 6082. Steel DX54D+Z from
Tata is used for the strip. The adhesive system investigated is the epoxy-based Beta-
mate™ 1496V. A Thermomechanical Analyser (TMA) is used to determine the CTEs «

for the adhesive and the aluminium in different temperature ranges. Material properties
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Figure 3.3: Drawing (left) and photograph (right) of the specimen. The displacement of the steel strip right
above the adhesive layer is measured in y-direction.

are listed in table 3.1. The degree of cure at the gel point (g,, = 0.455) and the final glass

transition temperature (T, = 85 °C) of the adhesive were measured in [21].

Table 3.1: Young's moduli E and CTE for the materials used.

Material E (GPa) a (107°%/K)
40t060°C 120to 140°C
Steel DX54D+Z 210 12.4 12.8
Aluminium 6082 69 23.2 23.8
BM1496V 1.6 118.8 188.5

SET-UP
To measure the displacement, a laser sensor of the type KEYENCE LK-G152 is used. The
specimen is put in an oven consisting of a box container and four heating elements. In
order to allow for a good heat transfer and to minimize temperature differences inside
the oven, the box container is made out of aluminium and the heating elements are inte-
grated in the top and the bottom wall of the container (see figure 3.4). The container has
an opening slot on top which allows the laser sensor to perform measurements on the
specimen from outside the heated box where the laser stays within its operating tem-
perature range from zero to 50 °C. A thermocouple on the inner side of the container
wall allows to control the temperature inside the box. A second thermocouple monitors
the temperature on one of the aluminium blocks of the specimen. An aluminium fix-
ture holds the laser in its position above the aluminium box container. Thermocouples,
the laser and the heating elements are connected to a computer for data handling and
temperature control.

Preliminary tests indicated an influence of the environmental temperature on the
test results. Therefore, the set-up is placed in a temperature-controlled chamber to

maintain constant environmental temperature (see figure 3.4).
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Figure 3.4: The set-up is placed in a temperature-controlled chamber. A laser sensor measures displacements
on a specimen in a heated aluminium box container.

PROCEDURES

The adhesive producer recommends two different cure cycles: 30 minutes at 170 °C or
60 minutes at 155 °C. Taking these recommendations into account, several temperature
profiles have been defined. Table 3.2 shows the investigated temperature curves. After
the isothermal dwell period, the specimen cools down to 50 ° C. The average cooling rate
of all cycles is -3 K/min (see figures 3.5 and 3.6).

Table 3.2: Temperature cycles.

Name Temperaturerate Dwell temp. Dwell time

L170 Low (1 K/min) 170 °C 33 min
M170 Medium (7 K/min) 170 °C 33 min
H170 High (35 K/min) 170 °C 33 min
L155 Low (1 K/min) 155°C 63 min
M155 Medium (7 K/min) 155°C 63 min
H155 High (35 K/min) 155°C 63 min

The idea is to heat the specimen to the recommended cure temperatures applying a
low, medium and high (highest possible with this set-up) temperature rate.

Before the specimen is heated at the selected temperature rate, the temperature in
the aluminium box is set to 50 °C for one hour to make sure all tests start from the same
temperature distribution in the set-up. The final cooling down temperature is 50 °C as

well. DSC tests indicated that significant chemical reactions in this specific adhesive
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Figure 3.5: Specimen temperature profiles for a cure temperature of 170 °C with the different heating time
intervals hy.170, hvizo and Bypizo.

take place only at temperatures above 100 °C (see sections 3.3.2 and 3.4.3). Therefore, it
is assumed that a starting and final temperature of 50 °C instead of room temperature in
the temperature cycle does not affect the cure process. Figure 3.5 shows the temperature
curves for the 3 different cycles with a cure temperature of 170 °C. Profiles with 155 °C
cure temperature are shown in figure 3.6.

The cycle of one test is as follows: The specimen is placed in the oven with a thermo-
couple taped to one of the aluminium blocks. The climate chamber is set to 25 °C. The
temperature inside the oven is computer controlled and follows a predefined cycle. At
the same time the displacement as well as the specimen temperature is monitored with
a sample rate of 1 Hz.

For each specimen, this procedure is performed twice: once without (WO) and once
with (W) the adhesive. In both tests the specimen is exposed to the same temperature
profile. An average curve for the WO-curves as well as for the W-curves is calculated.
Each curve is based on at least two replicates. The WO-curves provide reference dis-
placement curves allowing to determine the displacement that is caused by the adhe-

sive.
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Figure 3.6: Specimen temperature profiles for a cure temperature of 155 °C with the different heating time
intervals Ry 55, Ranss and Fyss.

3.3.2. DIFFERENTIAL SCANNING CALORIMETRY
The progress in cure can be described by a single variable g, the degree of cure. Since
the cross-linking process is an exothermic reaction, itis common to assume that the cure
rate is proportional to a measured heat flow dH/d¢:

dg(®) 1 dH(9)

- , 3.1
dt ~ H, dt G-1

where H, is the (total) heat of reaction [22]. A DSC allows to measure the released heat
for different temperature rates. DSC tests were performed for the low, medium and high

heating rates, i.e. 1, 7 and 35 K/min.

3.3.3. DISPLACEMENT ESTIMATE

In order to get an idea of how much displacement to expect, a rough estimate on the dis-
placement Aa of a a-thick adhesive layer is made (figure 3.7). The strain in the adhesive
can be described by

Eij — E[h(sij +£ch6ij +6?jc" (32)

where §;; is the Kronecker delta; et e and s‘lf‘;‘: are the thermal, chemical and mechan-

ical strains, respectively. Equation 3.2 implies an isotropic behaviour regarding thermal
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Figure 3.7: Models for the vertical displacement Aa of a adhesive layer with a thickness of a: 1) The adhesive
can shrink freely, 2) the in-plane (x-z-plane) shrinkage is constrained.

and chemical strains. In addition, a constant CTE « is assumed:
e"=aAT

with AT being the difference between the actual and the cure temperature, at which the
adhesive is presumably strain-free.

In a first approach, it is assumed that the adhesive can shrink freely without being
constrained by the adherends (figure 3.7, case 1). The mechanical part in equation 3.2 is

zero and it can easily be written:

Aa=¢€yya 3.3)

Aa=(e"+eMa.

Witha=2mm, AT = -120K, @ = 150-10~% /K and a linear chemical shrinkage of e = -1
%' we receive Aa = —56 pm.

In a second approach the shrinkage of the adhesive in the x-z-plane is considered to
be constrained by the adherends. To keep things simple, normal strains in that plane are

neglected:
Exx =€z7=0.
This leads to the mechanical components:

ey =¢e0 =—(e"+eM), (3.4)

If the adhesive is assumed to be linear elastic during the cooling down and no force is

1These material constants are rough estimates only. To account for the glass transition during the cooling
down, the chosen CTE lies between the rubbery and glassy one listed in table 3.1. 1 % chemical strain results
in a volume shrinkage (factor 3) slightly below the 4 to 5 % for epoxies (table 2.1), which can be easily achieved
with inert filler material.
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exerted on it in y-direction, it can be written

(v(ehy +€5) +(1— V)E';;,) =0, (3.5)

T T Arva=2v)

with ¢, being the normal stress in y-direction. E and v are the elastic constants of the
adhesive. With equation 3.2, 3.4 and 3.5 follows

1+v
—_  (gch th
Eyy = I—V(E +€")

and with equation 3.3 follows

1+V ch th
Aa=—— (e"+&") a.
1-v

With the values from the previous estimate and v = 0.4, Aa = —131 um is received.

3.4. RESULTS
In order to compare displacement curves, a horizontal and a vertical reference point
need to be defined. Therefore, the displacement value is set to 0 um at the point where
the specimen reaches 55 °C for the first time. All curves are shifted on the time scale, so
that # = 0 indicates the beginning of the cooling down.

Displacement curves for the tests with adhesive at the medium temperature rate and
a cure temperature of 170 °C can be seen in figure 3.8. These plots show the raw data.
In a next step, the curves are filtered with a moving-average filter over an 11-seconds-
interval for noise reduction. Two mean curves per temperature cycle were calculated,
one for the tests with and one for the tests without adhesive layer (see figure 3.9). The
WO-curves, as the one in figure 3.9, are reference curves. They capture the expansion
of the entire structure of the setup below the measurement point, i.e. the specimen,
the bottom plate of the heated box and the heating plate the box is mounted on, see
figure 3.4. The difference between the W-curves and the WO-curves are shown in figures
3.10 and 3.11, respectively. They show the displacement that is caused by the adhesive.
Note that the size of the bonding gap (in y-direction) changes with the expansion of the
substructure (figure 3.3). Thus, differences in the W- and WO-curves only occur if the
adhesive fills less or more space in y-direction than the actual size of the gap. Only then,

the steel strip is bent.
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Figure 3.8: Unfiltered displacement curves for the tests with adhesive layer at the medium temperature rate
and a cure temperature of 170 ° C.
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Figure 3.9: Averaged displacement curves for tests with and without adhesive layer in the 170 ° C cure cycles at
medium temperature rate and the difference between both.
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Figure 3.10: Displacement caused by the adhesive at temperature cycles with 170 °C cure temperature and low,

medium and high temperature rate.

40

20

Displacement (um)

-100

-120

1155

Dwell period

hysss

Awiss

-140
-180

-160

1 1
-140 -120

-100

-80 -60 -40 -20
Time (min)

Figure 3.11: Displacement caused by the adhesive at temperature cycles with 155 °C cure temperature and low,

medium and high temperature rate.




44 3. INFLUENCE OF THE TEMPERATURE CYCLE

3.4.1. TEMPERATURE CYCLES WITH 170 °C CURE TEMPERATURE

The curves in figure 3.10 show that the displacement caused by the adhesive does not
start with heating. For the medium and the high temperature rates, the displacement
starts at about ¢ = —35 min, a time when the specimen’s temperature is close to the max-
imum temperature. At that time, the curve drops rather rapidly to about —27 pum in case
of the medium temperature rate and to —30 pm for the high heating rate, respectively.
The curves stay constant at that value for the rest of the isothermal dwell period and start
to drop further when the cooling phase sets in. The final displacement for the medium
rate is about —122 um; the curve for the high temperature rates reaches —107 pm.

In the test with the low temperature rate, the behaviour is different (figure 3.10). The
displacement starts at ¢ = —160 min. The displacement curve rises and reaches a local
maximum at around ¢ = —68 min. After that, a decrease and another increase in the dis-
placement takes place until the maximum temperature is reached and the displacement
stays at +19 um. During the dwell period, no further displacement takes place. During
cooling down, another downwards movement sets in until a final displacement of about

—93 pm is reached.

3.4.2. TEMPERATURE CYCLES WITH 155 °C CURE TEMPERATURE
Tests with a cure temperature of 155 °C show a similar behaviour for the medium and
the high temperature rates. The blue curve for the M155 rate in figure 3.11 shows a first
drop beginning at f = —70 min. At that time the specimen has a temperature of about
110 °C (see figure 3.6). It stays at a plateau of about —44 um and drops then further in
the cooling down phase to about —131 pm. The curve for the H155 rate shows the same
tendency except for a peak at + = —68 min. It reaches a plateau of —35 pm and a final
displacement of about —100 pm.

Tests for the L155 rate show a slow but steady drop to about —27 um at ¢ = 0; the final
displacement is —92 pm.

3.4.3. DIFFERENTIAL SCANNING CALORIMETRY

Figure 3.12 shows the exothermic peaks in the heat flow for the different heating rates
obtained with a DSC. The degree of cure at a certain temperature in the temperature
ramp can be estimated by integrating the heat flow curve over time up to the point in
time at which that temperature is reached and dividing the result by H, i.e. the integral
over the full curve, see equation 3.1. Table 3.3 shows H,, and the degree of cure at the

point when the cure temperature is reached.
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Figure 3.12: DSC curves for different heating rates.

Table 3.3: Hy and the degree of cure when the cure temperature is reached.

1K/min 7K/min 35K/min

q(155°C) ()  0.813 0.061 0.002
q(170°C) (-)  0.985 0.290 0.013
Hy (J/8) 224.2 207.0 202.0

3.5. DISCUSSION

After the curves in figure 3.8 are filtered, they have a scatter band of 23 pm in the state
after cooling down. Therefore, results presented here provide an insight into general
behaviour rather than quantitative information.

The final displacements measured correspond approximately with the second esti-
mate in section 3.3.3, which takes in-plane constraints into account. The first estimate,
a simple one-dimensional calculation, predicts significantly lower displacements. Both
models are not capable of predicting differences in displacements due to different heat-
ing rates.

The curves for the medium and high temperature rates (with 155 as well as 170 °C
cure temperature, see figure 3.10 and 3.11) show a split in three distinct parts: A first part
where the displacement stays zero, a second where it drops rapidly to a plateau value
and a third one with a second drop to the final displacement. The last part starts with
the cooling down.

The second part starts close to the point when the maximum temperature, i.e. the
dwell phase, is reached; the main drop takes place in the dwell period. The point in time

when the first displacement occurs must be beyond the time when the adhesive reaches
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the gel point. The gel point is the point where the cross-linking of the polymer reaches a
level at which the adhesive is able to build up residual stresses and deform the steel strip
(cf. [23]). From the displacement curves of the medium and high temperature rates, it is
difficult to establish with certainty whether the gel point is passed before the maximum
temperature is reached. The DSC results (figure 3.12) indicate a shift of the cure process
to higher temperatures in case the heating rate is increased. For a rate of 35 K/min, 0.2
% of cure is reached at 155 °C and 1.3 % is reached 170 ° C. These values are too low for
complete gelation. Thus, the gel point is passed during isothermal phase at 155 and 170
°C, respectively. With the medium heating rate, 6.1 % of conversion is reached at 155 °C
and 29.0 % is reached at 170 ° C. Both values are below q,, = 0.455 measured in [21].

The cause of the upwards displacement for the L170 rate starting at ¢ = —160 min is
unclear. The specimen reaches 100 °C at t = —110 min (see figure 3.5). Below that tem-
perature, there are no significant chemical reactions according to the DSC results (see
figure 3.12). Therefore, the adhesive remains in the liquid state; a deflection of the steel
strip caused by the adhesive is not possible. An upwards movement (above 100 °C, i.e.
after + = —110 min) is possible if the thermal expansion exceeds the chemical shrinkage.
In that case, the curve for the L155 profile should show the same tendency, which it does
not. Therefore, it seems likely that the tendency of an upwards displacement is caused
by measurement errors.

The first downwards drop in all graphs can be explained by the chemical shrinkage
that takes place until the adhesive is fully cured. In case of medium and high temper-
ature rates (M170, H170, M155, H155), this happens rather fast and stops early in the
dwell period. The last 20 min of the dwell period in the 170 °C cure cycles and the last 40
min of the dwell period in the 155 °C cure cycles show no change in the displacement.
This indicates that chemical shrinking ended. As the different calculations in section
3.3.3 indicate, in-plane strain can affect the out-of-plane displacement. In case the ther-
mal expansion of the adherends exceeds the chemical and thermal deformations of the
adhesive, the adhesive layer is stretched in in-plane direction. That leads to a contrac-
tion in y-direction. Displacements due to such a Poisson effect stop with temperature
changes. Since the first downwards displacement stops soon after the dwell period is
reached, the Poisson effect can be an explanation for it.

In case of the low temperature rates (L170 and L155), the first development of dis-
placement happens slowly. For these rates, the adhesive reaches 81.3 % and 98.5 % of
conversion at the end of the heating phase (table 3.3). Assuming the chemical shrinkage
is proportional to the degree of cure, very little chemical shrinkage would be expected in

the dwell phase for L155 and L170. Since there is no thermal deformation in the dwell
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period, displacements should be close to zero in that phase for the low heating rate. This
agrees with the L155 and L170 curves in figures 3.10 and 3.11.

The peak in the displacement curve for the H155 temperature rate (see figure 3.11)
is possibly due to measurement errors. The W- and WO- displacements change rapidly
in the heating phase so that small deviations can lead to big differences between these
curves.

The displacement curves for the low temperature rates (L155 and L170) show no sig-
nificant difference in the final value they reach after the cure cycle. This means that,
in this specific case, a lower cure temperature does not lower distortions significantly.
Although it cannot be ruled out that small deviations might have occurred but stayed
undetected in this experiment, the case that the lower cure temperature does not lower
the distortion for the low temperature rate, is not unexpected. Due to the low temper-
ature rate, the adhesive reaches the gel point in the heating phase before the maximum
temperature is reached. Therefore, stress build-up after that point due to an increas-
ing temperature will be reversed as soon as the specimen is cooled down, again, to the
temperature it had at that point. Accordingly, a higher maximum temperature does not
affect the displacement after cooling down. For the medium and the high temperature
rates, the differences between the two cure temperatures in the final displacement are
less than 10 pm. With regard to the accuracy of the set-up, these differences can be due
to measurement deviations. To clarify this, further investigations are needed.

The low rates show less absolute final displacement than the other rates for both cure
temperatures. Due to the low heating rate the adhesive reaches the gel point at a lower
temperature. This leads to less thermal deformation and less absolute final displace-
ment, respectively.

Surprising is that the absolute final displacements for the high rates are lower than
those for the medium rates. A fast heating should push the gel point to a higher tem-
perature and cause more thermal deformation in the final state. It is possible that the
high temperature rate leads to big temperature gradients in the adhesive layer. That may
affect the cure process and lead to different mechanical behaviour of the adhesive. This

matter needs further investigation.

3.6. CONCLUSIONS

Local distortions develop in two main parts: the first part is mainly caused by the chemi-
cal shrinkage. This part starts already in the heating phase, when the cure temperature is
notreached yet. The temperature rate can affect this point: Atlow temperature rates, this

point shifts to a lower temperature. The first part ends before the cooling down starts.
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The second part is caused by thermal shrinkage of the adhesive during the cooling down
phase. Models which cover only the cooling down phase neglect the first part.

An effect of the cure temperature on the final distortions was not observed. Due
to gelation in the heating phase, the maximum temperature does not affect the final
position of the strip after the cure cycle. The temperature rate in the heating phase can
affect local distortions. A low rate can reduce the distortion given that this rate is low
enough so that the adhesive can reach the gel point at a lower temperature.
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FINITE-ELEMENT MODEL

Hot-curing one-part adhesives are often used to bond car body shells. The cure process
of the adhesive, however, can lead to distortions, i.e. unwanted, visible deformations of
the adherends. In case of outer car panels, these distortions are considered visual defects,
even though the structural integrity might not be affected. In order to avoid distortions
by a proper control of the bonding process, a thorough understanding of the development
of distortions is necessary. Finite-element simulations can help to gain insight into this
development. In this chapter a simulation model is proposed and used to study the ap-
pearance of distortions in a steel strip over different temperature cycles. The model takes
chemical shrinkage and thermal deformation as well as gelation and stress relaxation into
account. It was found that the heating rate can affect distortions. Lowering the cure tem-
perature only lowers distortions for high heating rates. Low heating rates can reduce dis-

tortions.

4.1. INTRODUCTION

Adhesive bonding is a widely-used joining technology in automotive industry. Hot-curing
one-part adhesives are well suited for car body manufacturing because of their good oil

absorption and flexible applicability. Bonding processes with this type of adhesive are

not restricted by pot life or assurance of a correct mixture ratio. Moreover, the baking

A modified version of this chapter has been published in International Journal of Solids and Structures 51,
2470 (2014) [1].
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process after electrophoretic coating can serve as a cure cycle for the adhesive elimi-
nating the need for another stopover in the oven. The cure process of the adhesive at
elevated temperatures, however, can lead to distortions, i.e. unwanted, visible defor-
mations of the structure, especially when thin-walled structures as outer car panels are
involved. These distortions can occur along the bond line (local distortions) or affect
the entire geometry (global distortions). Adapting the production process or repair work
can be costly and time-consuming, once these defects occur. Therefore, it is desirable to
predict distortions before they arise and modify manufacturing accordingly to prevent
them. Several constitutive models of curing polymers have been successfully used to
predict residual stresses in composite manufacturing and other processes [2—-4]. With re-
gard to car panel distortion, however, models mainly focused on the cooling down phase
[5, 6]. These models do not allow for following the development of distortions over the
entire cure cycle. They assume a stress-free state when the cooling down sets in. But
investigations on residual stresses in laminates show that the structure is not warpage-
free if heated up, again, to cure temperature after manufacturing [7]. The objective in
this chapter is to build up a simulation model for local panel distortions, which is ca-
pable of predicting the development of distortions over different cure cycles. It should
take known phenomena of curing polymers into account. By that, it will be a basis for

analyzing bonding processes with regard to panel distortions.

4.2. BACKGROUND

A main cause for panel distortions is the combination of changing properties of the ad-
hesive. During the bonding process, the adhesive develops from a viscous liquid to a
viscoelastic solid [8, 9]. At the same time, the adhesive’s specific volume changes. Due to
the cross-linking of polymer chains, the density of the adhesive increases. This process
is referred to as chemical or reactive shrinkage. The changing temperature leads to addi-
tional thermal deformation of the adhesive. The evolving properties of the adhesive can
cause local panel distortions, i.e. deformations close to the bond line. Therefore, they
are the main focus of this work. But it should be emphasized that further phenomena
play a role in panel distortions. The temperature cycle can cause relative movements
of the adherends during the bonding process [5, 10]. These displacements depend on
boundary conditions of the bonding process such as geometry and fixture of the struc-
ture, temperature field in the oven [11] and the thermal expansion and conductivity of
the adherend materials. Especially in multi-material design, different CTEs can lead to
thermally induced relative movements during the bonding process which remain after

the cure cycle. This "a@-mismatch" problem has been subject to numerous research ac-
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tivities [12-16].

While several experimental investigations focus on a final state of distortions after
the cure process [17-20], in some works their development over the temperature cycle
is examined (see chapter 3 or [21-24]). These publications show that significant defor-
mation develops during the cooling phase. But even in the heating and isothermal dwell
phase of a temperature cycle, deformations can arise. Changes to the temperature cy-
cle (such as cure temperature, dwelling periods at elevated temperature before the final
cure step, heating and cooling rates) affect significantly residual stresses and the prop-
erties of the adhesive bond [13, 25, 26]. This knowledge is already applied in cure cycle
optimization. White and Hahn [26] found that dwelling at elevated temperatures before
the final cure temperature is reached can reduce residual stresses in composites.

Besides experimental research, there have also been several different numerical ap-
proaches to predict residual stresses in composites [27-29] or adhesive bonds [5, 6, 20].
Prediction models based on elastic material behaviour [30-34] are available as well as
models based on viscoelasticity [5, 6, 20]. These approaches take only the cooling down
phase into account. Stresses in the heating and dwell phase are neglected. Other consti-
tutive models of curing polymers [2-4, 35-38] allow to capture the full cure cycle. They
indicate that stresses can occur before the cooling down sets in. These models have been
successfully applied to coating processes [4], electronic packaging [3] and composites
manufacturing [2]. An application to local panel distortions due to adhesive bonding is
missing.

In some prediction models, the chemical shrinkage is not accounted for [5, 33]. Some
authors argue that the contribution of chemical shrinkage to residual stresses is small
[39, 40]. Genidy et al. [41] state that the low influence of chemical shrinkage on resid-
ual stresses in composites predicted in [40] is due to an underestimation as further ex-
perimental work by the same authors show [26]. Other investigations on the develop-
ment of panel distortions (chapter 3,[22]) indicate a significant deformation before the
cooling down sets in. Chudaska and Hahn [22] reason that this displacement is caused
by chemical shrinkage of the adhesive. De Vreugd [42, p. 70] points out that standard
tests for measuring chemical shrinkage are performed by measuring volumes at ambi-
ent temperature before and after curing. But the shrinking process takes place at ele-
vated temperatures. Therefore, he measures changes in the specific volume over a full
temperature cycle. A three-dimensional simulation model on distortion development
would give insight in how chemical shrinkage and other changing material properties

mentioned above contribute to the development of local panel distortions.
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4.3. THE MODEL
In this chapter, a simulation model for developing local distortions due to hot curing
adhesives is proposed. The cure process is assumed to be quasi-static. In that case, the
balance of linear momentum can be expressed by the equation
00
—L =, 4.1)
ax]'
where o is the Cauchy stress tensor. In addition, it is assumed that the state of cure can
be described by a single variable g, the degree of cure. The cure evolution is described

by the Kamal-Sourour equation for auto-catalytic reactions [43, 44]

E
-—|q"a-q", (4.2)

q=koexp (-

where R = 8.314 J/(mol K) is the ideal gas constant; the material parameters ko, E,, m and
n need to be determined by fitting the equation to experimental data. To avoid g = 0 for
all times, go = 0.01 is chosen as an initial value for g.

An important part of a simulation model are the material equations for the adhesive.
The adhesive is assumed to be isotropic. As in other works [37, 45], this model is based
on an additive decomposition of the strain tensor. Here, ¢;; is split in a mechanical, a

thermal and a chemical part:

th 4+ ECh

gij=¢€jj+ +E]) (4.3)

ij

Since the mechanical properties of the adhesive change significantly over a cure cycle,
the process is divided into three stages. In each of these stages, the mechanical be-
haviour is described by different constitutive equations. The gel point and the glass
transition represent the transition points between the stages (see figure 4.1).

] |

Gel point Glass transition

Figure 4.1: Three different stages of the temperature cycle.
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4.3.1. STAGES OF THE CURE CYCLE

STAGE I

Te Nijenhuis [9] describes the gel point as the moment where the material develops an
equilibrium shear modulus. With the equilibrium shear modulus being zero, i.e. before
the gel point is reached, the adhesive is a viscoelastic liquid [8]. In that state, the poly-
mer cannot sustain static stresses other than hydrostatic ones. Therefore, thermal and
chemical strains cannot contribute to residual stresses. They are not calculated in stage
L

STAGE II
In stage II, residual stresses can start to build up. The constitutive equations used here
to describe the behaviour of the adhesive are based on [3, 4, 35, 42]. Typical cure cy-
cles for automotive adhesives have high cure temperatures to minimize the curing time.
These cure temperatures are usually well above the final glass transition temperature of
the adhesive. Under these conditions, the rubbery (fully relaxed) modulus dominates
the mechanical behaviour of the adhesive [4, 35], and relaxation phenomena are neg-
ligible. Thus, the material can be described with temperature (7) and g-dependent
elastic stress-strain relations. For that, the stress tensor o;; is split in its deviatoric part
Uiejv =0ij— %akké‘ij and the hydrostatic pressure p:

(T,'jZ(T‘;?'—p5ij, (4.4)
where §;; is the Kronecker delta. The volume deformation is described by

—p=K(T)E, (4.5)

with £} being the time derivative of the trace of the mechanical strain tensor. Changes
in shape are described by

~dev __ sme,dev

077 =2G(q) £, (4.6)
where G(g) is the cure dependent rubbery shear modulus. Equations 4.5 and 4.6 de-
scribe a hypo-elastic material. Similar rate equations have been used before to describe
evolving properties of polymers [46-48]. Hossain et al. [47] point out, that these equa-
tions reflect a physical observation of cure: the stress state will remain unaltered if the

applied deformation does not change, even though the elastic properties of the material

evolve.
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As in [42], the bulk modulus K is conveniently approximated based on a modified

Tait equation:

1
K(T)=——, 4.7
(7 B(T) (4.7)
B(T)=k +1k (1 + tanh(C (T—T)))+L (4.8)
=K1% 2 250 a 0 g B(T) .
B(T)=Db1exp(=b.T), (4.9)

where s, k1, k2, b1, be and Cy are material constants and C = 0.0894 [49]. T, is the glass
transition temperature of the fully cured adhesive. A plot of the bulk modulus versus the
temperature with the material parameters used here (appendix A) can be found in [3]
and [42].

A function for a degree-of-cure-dependent shear modulus is proposed by Adolf and
Martin [35] and used in [4] among others. This function is used to describe the elastic

shear modulus of stage II:

8
2 2\3
G(q) = G | T _qg“)3

2
e

where G™ is the shear modulus of the fully cured adhesive and g,, is the degree of cure
at the gel point.

Besides elastic properties, functions for the thermal and chemical strains need to be
determined. The CTE a is obtained in a similar way as the bulk modulus [3, 42] resulting

in:
1 1
a(T) = 3 k1+§k2(1+tanh(C0(T—Tg))) . (4.10)
The parameter Cy in equations 4.8 and 4.10 was introduced by De Vreugd et al. [3] to

smoothen the transition between a constant CTE below and above T,. Here, we only

take thermal strain into account that occurs beyond the gel point:

T
el (1) =", e‘h(T):f a()dT, (4.11)
Tgel

with T, being the temperature at which the adhesive reaches the gel point in the cure cy-

cle. De Vreugd [3] found a linear correlation between chemical shrinkage and the degree
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of cure. In this model, only strain beyond the gel point is considered:
ch _— ~ch ch — ch
&;7(q) = €76, e"(q) = (g — Gu) €5, (4.12)

where £, is the total linear chemical strain at the cure temperature (~ 1/3 of the volu-
metric chemical strain) after full cure.

STAGE III
In stage III, chemical and thermal strain are calculated as before by equations 4.10, 4.11
and 4.12.

Also, as in stage II, volume changes are assumed to be elastic with a temperature-
dependent bulk modulus (equations 4.5, 4.7, 4.8 and 4.9).

The deviatoric part is defined by a linear viscoelastic relation. Analogue to equation

2.4, the stress rate reads

M

0% = 2Goo5 " +2 Y Gl (4.13)
m=1

. 1 s.me,dev

u?}+au?}:£”‘d , m=1,2,..M, (4.14)

where G, is the equilibrium (or rubbery) shear modulus and G, are moduli of the Prony
series of the shear relaxation modulus

G(t) = Goo + f Grexp(—=t/ty) (4.15)
m=1
with the according relaxation times 7, (cf. [50]).

In general, a viscoelastic model with temperature and degree-of-cure-dependent re-
laxation times can be used to describe all three stages of the cure cycle. However, for
cure at temperatures high above the final glass transition temperature, such a model
would not improve the prediction of distortions. Relaxation effects at different degrees
of cure are small and difficult to measure in that temperature range. They hardly affect
stress calculations. Cure cycles with these high temperatures are common for bonding
car body shells. Therefore, switching the constitutive model does not come with any

drawbacks for that specific application.

4.3.2. ABAQUS IMPLEMENTATION
The equations mentioned above were implemented in Abaqus subroutines. This allows

to apply the material law to arbitrary geometries. Abaqus solves equation 4.1. The de-
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gree of cure is treated as an additional field variable and calculated in the subroutine
USDFLD. An explicit Euler scheme is used to calculate g increments from equation 4.2.
Thermal and chemical strains are calculated in the subroutine UEXPAN. Equation 4.11
is approximated with the trapezoidal integration scheme.

In Abaqus, it is not possible to switch between the elastic and viscoelastic mate-
rial model. Therefore, both were implemented as subroutines and the switch is done
in Abaqus’ UMAT subroutine. To obtain an incremental scheme, the time derivative of
equation 4.4, and equation 4.5 and 4.6 are approximated by applying the simple but sta-
ble increment scheme

. Af Af
ft+% AL ft+% =fi+ o

where f is replaced by the corresponding stress or strain component. The same scheme

. . . . 0Ad;;

is applied to the equations 4.13 and 4.14. The tangent moduli Wgﬁé needed for the solv-
kil

ing algorithm of Abaqus are calculated in the same manner.

4.3.3. NUMERICAL ISSUES
The adhesive is a liquid in stage I. Strain that occurs in that stage is assumed to cause
no static stresses other than hydrostatic ones; neither in this stage, nor in later stages.
Therefore, in this approach, the simulation of stage I is done without the adhesive. At the
transition to stage II, the adhesive is inserted in the model with the *MODEL CHANGE
statement in Abaqus. This function allows to insert the adhesive elements at the gel
point in a strain-free state.

A sudden switch between the material models of stages II and III can cause oscilla-
tions in the stress and strain functions. Therefore, the stress tensor is calculated by linear
interpolation between both models in a transition region between T, and T, + T,,,,:

vi

oij=1-w)oj; +wo};

where a;‘j is the elastic stress tensor, calculated with the equations 4.4, 4.5 and 4.6, and
0;.‘]. the viscoelastic one, using equation 4.13 and 4.14 instead of 4.6. w is defined as

T,-T
1+ Tgu_a“s for T,=T<T,+Tpu
w= 0 for T > Ty + T
1 else.

The tangent moduli are calculated accordingly:
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0AT oMo, 0A0;

=(1 .
6A£kl OAekl aAskl

4.3.4. SIMULATION OF LOCAL DISTORTIONS
The bonding between a 0.7 x 50 x 20 mm steel strip and a 8 x 50 x 20 mm steel bulk
part with a 10 mm broad and 2 mm thick bond line is simulated (see figure 4.2). The

Symmetry planes v

z

Adhesive

Steel

Figure 4.2: Structure for simulating local distortions. The y-displacement is inhibited at the edges marked in
blue. The symmetry allows to reduce the simulation model to the depicted quarter piece.

material parameters for the steel are E = 210GPa,v = 0.3, = 1.3- 10~2/K. Parameters

for the adhesive are taken from [3] (material C) and can be found in appendix A. The

material used there is an epoxy moulding compound for electronic packaging.
Different cure processes are investigated, in which the structure is exposed to the

temperature cycles listed in table 4.1. The cycles share the same cooling rate of 5 K/min.

Table 4.1: Temperature cycles.

Name Heatingrate Curetemp. Dwelltime

A 5 K/min 170 °C 30 min
L170 1 K/min 170 °C 30 min
M170 7 K/min 170 °C 30 min
H170 45 K/min 170 °C 30 min
L155 1 K/min 155°C 60 min
M155 7 K/min 155°C 60 min

H155 21 K/min 155°C 60 min
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The cycles start and end at 20 °C.

4.4, RESULTS

For better comparison, all curves are shifted on the time scale so that the cooling down

phase starts at t = 0.

4.4.1. CURE CYCLE A

Figure 4.3 shows the temperature curve and the evolution of cure in cycle A. In this cycle,
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Figure 4.3: Temperature profile applied and degree of cure calculated for cycle A.

the chemical and thermal strains "compete" in the heating phase (figure 4.4).
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The development of chemical and thermal strains in in cycle A.
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Figure 4.5: Out-of-plane displacement of the steel strip right above the adhesive layer for cure cycle A.

the cure temperature is reached, the sum of both components is above zero, i.e. the
sum of chemical and thermal deformations leads to an increased volume of the adhesive
(mechanical strain neglected, see equation 4.3). The difference in y-displacement of
nodes N; and N>, Auy = uy(N2) — uy(Ny), is monitored over time (see figure 4.2). As can
be seen in figure 4.5, the steel strip shows a first downwards and then upwards movement
in the heating phase. At cure temperature, however, the steel strip stays in a downwards
bent state before it gets pulled down further in the cooling phase.

Figure 4.6 illustrates the stress and strain development in the adhesive layer over cy-
cle A. The curves show o, and €y, at an arbitrarily chosen integration point positioned
at X=(2.211, —1.542, 5.789) mm in the reference configuration (see figure 4.2).
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Figure 4.6: Shear stress and strain inside the adhesive layer over cure cycle A.
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4.4.2. OTHER CURE CYCLES

Figures 4.7 and 4.8 show the displacement of the steel strip for the different cure cycles.
The temperature at which the gel point is reached in the temperature cycle, T,,, changes
with the temperature rate in the heating phase, see figure 4.9. For the cycles H155 and

H170, T, is equal to the cure temperature and would not increase with higher tempera-
ture rates.
x10°
5 T T T T T T T
— 170
- = =M170
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Figure 4.7: Displacement curves of the steel strip for the cycles with a cure temperature of 170 °C.
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Figure 4.8: Displacement curves of the steel strip for the cycles with a cure temperature of 155 ° C.

The low rates show first a downwards movement followed by an upwards movement
of the steel strip before the cure temperature is reached. This behaviour can also be seen

in the curves for the cycles A and M170. In all other cycles, the strip moves downwards
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Figure 4.9: Increasing heating rate shifts the gel point to higher temperatures in the cure cycle.

only.

Figure 4.10 shows the displacement after different cycles. The model predicts the
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Figure 4.10: Displacement of the steel strip after the cure cycle for the different heating rates.

same displacement for both cure temperatures with low and medium heating rates.
The subroutine switched to the transition region between stage II and III at ¢ = 820
s for cure at 170 °C and at ¢ = 620 s for cure at 155 °C, respectively. The displacement

curves in figures 4.5, 4.7 and 4.8 start to gradually flatten from that point on.
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4.4.3. LONG-TERM BEHAVIOUR

The Prony series for the shear modulus of the material contains large relaxation times.
This allows to investigate the long-term behaviour of the material. For that reason, an-
other time step after the cure cycle was calculated, where the material stays at 20 °C and
has time to reduce distortions by relaxation. The step time is two years. For all cure

cycles, the displacement changes less than 0.13 % in these two years after the cure cycle.

4.5. DISCUSSION

4.5.1. CURE CYCLEA
Figure 4.4 shows that chemical and thermal strains are in the same order of magnitude
for the material combination and temperature cycle investigated. Therefore, neglecting
chemical deformation is not justifiable. The downwards and upwards movements of the
steel strip in the heating phase can be explained by thermal and chemical strains in that
phase, which leads first to a decrease and later to an increase in the volume of the adhe-
sive (mechanical strain neglected). In the isothermal dwell phase, the strip remains in
a downwards bent state. Experimental investigations on similar geometries (chapter 3,
[21-24]) show the same behaviour. In the case at hand, however, the displacement can-
not be explained by a volume reduction that is caused by reactive shrinkage, since the
volume increases (mechanical strain neglected), see figure 4.4. Hence, the mechanical
part of the strain tensor must cause the downwards displacement. Further study re-
vealed that in this specific material combination the adherends expand even more than
the adhesive. This leads to a Poisson effect. The adhesive is stretched in in-plane direc-
tion (the x-z-plane, see figure 4.2) and contracts in out-of-plane direction. The Poisson
effect is caused by a low CTE of the polymer. A high CTE of the adhesive would cause an
inverse effect and an upwards displacement. Due to the temperature-dependent CTE of
the adhesive, both effects can occur in one temperature cycle. In the cooling phase, these
effects are partly reversed since the thermal deformation of the adherends decreases.
The increase of €y, from the gel point on (see figure 4.6) does not immediately lead to
shear stress 0. This is because the shear modulus is still zero at the gel point. With the
shear modulus increasing, changes in strain lead to changes in stress. When the strain
stays constant in the dwell phase, the stress does not alter, either. At the transition to
stage III, the stress curve raises slightly steeper. This is due to the increased instanta-

neous stiffness in the viscoelastic model.
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4.5.2. OTHER CURE CYCLES

The low heating rates show the same downwards-upwards movement as in cycle A. The
development of the chemical and thermal strains explains this behaviour. For the medium
and high rates, the gel point is at higher temperatures. Therefore, the thermal strain
causing displacements in the heating phase is less dominant. The curves in figures 4.7
and 4.8 show already significant differences at the end of the dwell period (¢ = 0). These
differences do not change much in the cooling phase. Models focussing on the cooling
down only would not be able to show these differences.

The model predicts the same displacement for both cure temperatures with low and
medium heating rates. That implies that lowering the cure temperature from 170 to 155
° C would not decrease the distortions for these rates. Increasing the temperature rate in
the heating phase leads to more absolute final displacement. However, if the gel point
is shifted to the dwell phase, the final displacement would not change further with an
increasing heating rate. For the cure temperature of 155 ° C, this point is reached at a rate
of 21 K/min and for 170 °C at a rate of 45 K/min, respectively. Therefore, only between
these two rates, lowering the cure temperature would affect the final displacement and,
therefore, distortions in the strip.

The steepening of the displacement curves during the transition to stage III in figures
4.5, 4.7 and 4.8 can be explained by the increase in the stiffness due to the switch to the
viscoelastic material law. The gradually decreasing CTE (see figure 4.4) at T, leads to a

flattening of the displacement curves afterwards.

4.6. CONCLUSIONS
A model for local panel distortions due to hot-curing adhesives is proposed and used to
study the development of local panel distortions. Displacements occurring during the
cure process can not only be caused by chemical shrinkage but also by a Poisson effect
where the adhesive is stretched in in-plane direction of the steel strip. The temperature
curve, especially the heating rate, affects final distortions. Lowering the cure tempera-
ture reduces distortions only for high temperature rates. Lower temperature rates in the
heating phase lead to a gelation at lower temperature and to less distortions.

In chapter 5, the material constant for the adhesive system BM 1496V are determined
and a comparison between distortion predictions based on the model presented in this
chapter and the experimental studies from chapter 3 is done.
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MATERIAL CHARACTERIZATION
AND SIMULATION

Hot-curing one-part epoxy adhesives are often chosen for structural bonds requiring high
strength. The changing properties of the adhesive during the bonding process, however,
can lead to distortions of the structure, especially if thin adherends like car panels are in-
volved. Computer simulations can help to reduce these undesired deformations. In this
chapter, the hot-curing epoxy system BM1496V is characterized and incorporated in the
model from the previous chapter. Predictions for the different temperature cycles are com-
pared with experimental data from chapter 3. The model predicts well the deformations
that occur over the entire cure cycle including the heating and isothermal phases.

5.1. INTRODUCTION

Structural bonds, as they occur in car bodies for instance [2, 3], require adhesives with a
high shear strength. Hot-curing one-part epoxies are often chosen candidates for these
applications [4]. The cure at elevated temperature, however, can cause distortions, espe-
cially if thin-walled structures like e.g. car body shells are involved. Panel distortions can
roughly be divided into local and global ones [5]. While global ones describe the overall

deformation of the bonded structure, local distortions appear along the bond line close

A modified version of this chapter has been published in Journal of Materials Processing Technology 225, 405
(2015) [1].
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to the adhesive (see chapter 2).

These distortions can be caused by the evolving properties of the adhesive over a
cure cycle: the adhesive transforms from a viscous liquid to a viscoelastic solid. At the
same time, the cross-linking process causes a volume reduction of the polymer, often
referred to as chemical shrinkage. In addition, both the adhesive and the adherends
expand and shrink due to a changing temperature. These simultaneous processes can
lead to residual stresses and subsequently to panel distortions.

In some studies, the development of panel distortions is monitored over a cure cycle
[6-9]. These publications as well as the study in chapter 3 show that distortions can occur
early in the cure cycle when the structure is still heating up. Prediction models, however,
focus only on stresses that occur during cooling down [5, 10, 11]. Models capable of
describing the above mentioned evolving properties of the adhesive over an entire cure
cycle [12-15] have not been applied to local panel distortions yet.

In this work, the development of local panel distortions is simulated and compared
with experiments. To that end, the material constants of the commercial epoxy-based
hot-curing adhesive system BM1496V [16] are determined. The simulation model is
based on the model presented in chapter 4 and allows for chemically and thermally in-
duced property changes of the adhesive. Experimental data on distortion development

in different cure cycles is presented in chapter 3.

5.2. MATERIAL MODELLING AND CHARACTERIZATION

5.2.1. CURE KINETICS
The cross-linking process of polymer chains in the adhesive can be characterized with
a single variable g, the degree of cure. In the uncured state before any cross-links are
formed, g has the value 0. During a cure cycle, g increases steadily until no reactive
groups are left over. In that fully cured state, g has the value 1.

A well-known equation for describing thermoset cure can be found in [17]:
E

__a] g" (- )", 5.1)

g =koexp BT

where R = 8.314 J/(mol K) is the ideal gas constant. Fitting the equation to experimen-
tal data determines the material parameters ko, E,, m and n. Kinetic parameters can be
obtained with a DSC. A DSC monitors the heat flow dH/d¢ over time for a given tem-

perature profile. Since each epoxy group reacts exothermically and, therefore, releases a
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specific amount of heat, the degree of cure can be linked to the heat flow:

dq(t 1 dH(t
q(1) _ b (1) 5.2)
dt Hy, dt
with H,, being the (total) heat of reaction [18]. Here, uncured samples were exposed to
different heating rates while the heat flows were monitored over time. Similar to [19], the
kinetic parameters were obtained as follows: the activation energy E, was determined

with the type B-1.92 method described in [20], which is based on the linear relation

In

B _ E,
Tie = ~100084- +C, (5.3)
f

where In is the natural logarithm, § is the temperature rate, T; is the isoconversional
temperature and C is a constant independent of § and T;. Thus, the slope of the plot de-
termines E,. The procedure is as follows: A set of constant temperature rates 3 is chosen
and a DSC run is performed for each f providing Hy, and H(t) for the respective tem-
perature rate. The DSC data and equation 5.2 are used to determine the temperatures
T;, at which the degree of cure has the values g = 0.1,0.2,...,0.9. After that, ln(ﬁ/Tfl'gz)
versus 1/T; is plotted for all § and the mean slope is used to determine E, according to
equation 5.3. Equation 5.1 is modified to

1=k (- "
exp [— R—“T]

and fitted to the DSC data to determine the remaining parameters ky, m and n.

5.2.2. VOLUME CHANGES

The change in the specific volume v of a material point in a continuum is described by
v=1y], (5.4)

where vy is the specific volume in a reference state and J is the Jacobi determinant of the
deformation gradient (cf. [21]). For small deformations, that is when second-order and
higher-order terms of the displacement gradient Vu can be neglected, J can be written

as
J=1+¢€xx (5.5)

with e being the trace of the linear strain tensor [22].
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An isotropic material is assumed. As in other works [23, 24], the strain is decomposed
in several parts. Here, a distinction is drawn between mechanical, thermal and chemical

contributions:

L. _ pme th ch _ ome the . chs .
Eij=Ej e e =g e 6ij+€"6j, (5.6)
where §;; is the Kronecker Delta. In case an isotropic material undergoes no other vol-
ume changes than thermal expansion or contraction (i.e. no pressure or other stresses
are applied, nor are volume changes chemically induced), then, from equations 5.4 and

5.5 follows:

v=ug(l+3e™
T
e“‘:fa(T)dT

To

&"™ is the thermal strain, Ty is the reference temperature at which the material has the vol-
ume vy, T is the current temperature and « is the linear coefficient of thermal expansion
(CTE). A volumetric CTE can be defined as

avol(T) o— ldV(T)
o 140 dT

=3a(D).
If only thermal and chemical deformations occur,
v=1ug(l+3e"™+3e™) (5.7

holds.

The volume changes in an idealized cure cycle, in which the adhesive is heated up,
held at a cure temperature T, and cooled back down to ambient temperature Ty, is shown
in figure 5.1 [25]. The epoxy expands thermally while heated up (0-1), shrinks chemically
at cure temperature (1-2), then shrinks due to temperature decrease, first with a high,
rubbery CTE a, (2-3), then, below the glass transition temperature Ty, with alower, glassy
CTE «a,(3-4). It is noteworthy that in this cycle, a glassy state trajectory in the heating
phase, as described by others [26], is not accounted for. It was pointed out by others
[25, 27] that standard procedures to measure cure shrinkage are performed at ambient
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Ty T, T T

Figure 5.1: Volume changes over an idealized cure cycle [25].

temperature, i.e. these methods measure an effective shrinkage

N )

= 5.8
e 68)

(from point 0 to 4 in figure 5.1) rather than the real chemical shrinkage & (1-2).

tot

As an approximation, the thermal expansion of the adhesive during heating up is
assumed to occur with the same CTE a, as in the rubbery state during cooling down.
Therefore, the total chemical shrinkage can be estimated in case «,, @, and &, are known
(cf- [25]):

D =E" + (o, — ) (T, — Tp). (5.9

tot tot

In many cases, the chemical shrinkage is found to increase linearly with the degree of
cure [26, 28]:

£"(q) = q e, (5.10)
The function
1 1
a(T) = § k1+5k2(1+tanh(C0(T— 1)) (5.11)

with the material constants kj, ky and Cy, proposed in [15, 27, 29], describes the transi-
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tion from a rubbery CTE,
1
@, = g(k14—ka), (5.12)
to a glassy one,
1
a, = gkl, (5.13)

based on the Tait equation of state [30]. Cy determines the sharpness of the transition
from the glassy to the rubbery state. The constants are determined with a TMA: a 4.7
x 5.1 x 4.2 mm-sized block of fully cured material is exposed to three temperature cy-
cles in which the polymer is heated up slowly to about 200 °C and cooled down back
to room temperature. The third heating phase is used to determine the CTE. While the
curve of the second and third heat-up show hardly any difference, the first heating phase
seemingly shows a negative CTE when approaching Tg. This observation, however, is at-
tributed to a rearrangement of the contact area of the probe and the specimen during the
first heating cycle. Therefore, the first heat-up phase is ignored.

The viscoelastic properties of the fully cured material are determined with a Dynamic
Mechanical Analyser (DMA). In a tensile set-up, the elongation of a strip of the epoxy
(23.0 x 7.58 x 0.34 mm) is monitored under dynamic loading. A frequency sweep from
1 to 60 Hz is performed repeatedly during continuous heating from 20 to 180 °C at 1
K/min.

A thermorheologically simple material behaviour is assumed such that a master curve
for the tensile storage modulus E’ can be obtained by shifting the isothermal curves ac-
cording to

E',T)=E'(wa(l),T,),

where o is the frequency and T is chosen as the reference temperature (see equation
2.15).

The shift factors loga(T) are fitted to the Williams-Landel-Ferry equation [31] above
T, and to an Arrhenius model below:

C1(T-Ty)
—£) for T=T,
loga(T) ={ Cor =T ¢ (5.14)

A _[1_1
2303R T_Tg] for T<T,

where C;, C, and A are fitting constants.
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5.3. SIMULATION

The constitutive equations used here for the adhesive coincide with the ones from chap-
ter 4 with minor modifications. For completeness reasons, those are summarized here.
The material data obtained in section 5.2 is implemented in that model and allows the

comparison of simulation and experiment (from chapter 3).

5.3.1. CONSTITUTIVE EQUATIONS
An isotropic material is assumed whose deformation can be described by equation 5.6.

Increments of thermal strain are calculated by
th 1
Ae ZE((XZ"FCZH.I)AT.

The CTE at the start («;) and the end (a;+1) of the increment are calculated with equation
5.11 in case full cure is reached and with equation 5.12 otherwise. Equation 5.10 is used
for the chemical strain contribution. Equation 5.1 is used to calculate the cure evolution;
in order to ensure a non-zero starting cure rate, go = 0.01 is chosen as an initial value.
To derive the constitutive equations, the stress tensor o is split in its deviatoric part
U‘;ejv =0ij— %Ukkéij and the hydrostatic pressure p:
Oij :a‘l!;.“—péij.

In this model, volume changes are described by the hypo-elastic equation:

-p=Kep,

with a constant bulk modulus K. Experimental determination of K can be a difficult task
and is not done in this work because of lack of proper equipment. Instead, it is assumed
that the bulk modulus has less influence on stresses than the tensile or shear modulus
in cases where the adhesive occupies an unconfined open geometry. That is the case for
the bond line in the experimental set-up investigated in chapter 3 and modelled here.
The bulk modulus changes by a factor of about 2 to 3 during the glass-to-rubber transi-
tion, which is much less than the 100- to 1000-fold changes of the shear and elongation
moduli during that transition. Therefore, to come up with a value for K, a quasi-static

approximation is used:

E
K=—28_,
3(1-2v)
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where Ej is the instantaneous glassy tensile modulus obtained by DMA. Assuming in-
compressibility often yields sufficiently accurate stress predictions for polymers in the
rubbery state. Here a slightly smaller Poisson ratio of v = 0.45 is chosen. This, however,
is a rough estimate only. The impact of the bulk modulus on predicted deformations is
discussed in chapter 6.

In order to model the shear behaviour, the cure cycle is divided into three different
stages (see figure 4.1). In stage I, the adhesive is liquid and cannot exert permanent
stresses on the steel strip. Here, this behaviour is realized by a small but non-zero shear
modulus.

In stage II, a rubbery shear modulus develops. A hypo-elastic approach for the devi-
atoric stress-strain relation is chosen:

~dev __ -.me,dev
(o =2G(q) &5

where the shear modulus G is defined by the equation from Adolf and Martin [12]:
8
q2 - quel 3

G(q) — Gﬁnal
1- quel

’

with g, being the degree of cure at the gel point and G* the rubbery shear modulus in
the fully cured state. q,, depends on details of the chemical formulation and varies from
adhesive to adhesive. Values from 0.3 to 0.6 are common for epoxy-based systems [32].
The value g,, = 0.455, measured in [33] for BM1496V, is used in this model.

During transition to stage III, relaxation behaviour becomes important. Therefore,

in stage III, a linear viscoelastic material law is chosen:

M
«dev __ sme, dev - m
05 —ZGOOEi]. +2 E leuij,
m=

1
Wt ——— UM = £, m=1,2,... M.
I a(DT m J 1]
These equations characterize a thermorheologically simple material [34] with a shift fac-
tor loga(T) (cf. equation 2.11). The shear relaxation modulus at the reference tempera-

ture is given by

M
G(t)=Goo+ Y, Gmexp(—t/T)

m=1

with the rubbery modulus G,. A quasi-static approach is used to obtain G(t) from a
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master curve of the tensile and bulk moduli:

3KE(1)

0= kB

E is determined by the previously described DMA.
All mentioned constitutive equations are implemented as Abaqus user subroutines
by applying the simple but stable increment scheme
. Af Af
ft+% T At ft+% :ft‘*‘?v
where f is replaced by the corresponding stress or strain component. The same scheme

is used for the tangent moduli 0A0';j/0A&y).

5.3.2. FINITE-ELEMENT MODEL

Geometry, material and process parameters of this finite-element simulation are chosen
to coincide with the experimental set-up from chapter 3. Figure 5.2 shows the geometry
of the finite-element model and a photo of the specimen used in the experiment. Sym-
metry allows to reduce the model to a quarter piece of the real part. The marked edges
of the strip and the substructure are not connected; they cannot move in y-direction but

slide in x- and z-direction. The metals are assumed to behave linear elastically with the

Adhesive

Symmetry planes bond line

Steel strip

Aluminum
substructure

* 2edges

* Unconnected
* u=0

Figure 5.2: Finite-element model and photo of the specimen to monitor local panel distortions.

constant parameters listed in table 5.1. Properties of the adhesive are taken from liter-

ature, table 5.3, or obtained by the characterization tests below. The model consists of
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Table 5.1: Properties of the steel and aluminium used in the simulation.

Material E(GPa) v() a(107%/K
Steel DX54D+Z 210 0.3 13
Aluminum 6082 69 0.33 23

16.190 brick elements of type C3D20R. Figures 5.3 and 5.4 show the different tempera-
ture profiles in experiment and simulation. The 6 cycles investigated are listed in table

5.2.

180 T T T T T T T T T T T
L170 exp.
160 + — M170 exp. i
= H170 exp.
140+ = = =L170 sim. B
. = = = M170 sim.
8 120+ = = =H170 sim. i
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Figure 5.3: Temperature profiles with a cure temperature of 170 ° C.

Table 5.2: Temperature cycles.
Name Heatingrate Curetemp. Dwelltime
L170 1 K/min 170 °C 30 min
M170 7 K/min 170°C 30 min
H170 35 K/min 170 °C 30 min
L155 1 K/min 155°C 60 min
M155 7 K/min 155°C 60 min
H155 35 K/min 155°C 60 min
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Figure 5.4: Temperature profiles with a cure temperature of 155 ° C.

Table 5.3: Material constants for BM1496V from [33].

T,°C) v (cm3/g) "4,,;0"0 () G ()
85 0.862 -1.44-10°% 0.455

5.4. RESULTS AND DISCUSSION

5.4.1. CURE KINETICS

Table 5.4 lists the heat of reaction for each DSC run. 2 further DSC runs are added to the
ones already done in chapter 3. The respective exothermic peaks in the heat flow curves
are shown in figure 5.5. With the procedure described in section 5.2.1, the parameters in
table 5.5 for equation 5.1 are found.

Assuming a cure evolution according to equation 5.1 leads to an overestimation of
the cure rate or heat flow in case of the highest heating rate (see figure 5.5) while good
agreement is reached for the lower heating rates. High rates can lead to an inhomo-
geneous temperature distribution in the DSC sample biasing the result. Values in that
region may carry more error. Keeping that in mind, results are considered sufficient for
the simulation model. It is desirable, however, to study the sensitivity of distortion pre-

dictions to small variations in the cure progress. See chapter 6 for that.

Table 5.4: Hy, for the different heating rates.

1K/min 4K/min 7K/min 10K/min 35K/min
Hy, (J/g) 224.2 217.8 207.0 210.8 202.0
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Figure 5.5: Exothermic peaks from DSC tests with different temperature rates compared to model predictions.

Table 5.5: Cure parameters.

E . (J/mol) ko(/s) m() n()
8.877-10* 3.410-10° 0.649 1.551

5.4.2. VOLUME CHANGES

The TMA curve for the fully cured adhesive is shown in figure 5.6. The material shows
a linear expansion below and above the glass transition temperature with a greater CTE
above. The value T, = 85 °C found in [33] agrees with TMA data here. The parameters
k1, k2 and Cp in table 5.6 and the dashed curve in figure 5.6 originate from fitting equa-
tion 5.11 to the TMA data.

The real chemical shrinkage

tot

in table 5.6 is determined by equation 5.8, 5.9, 5.12
and 5.13. Parameters from tables 5.3, 5.3 and 5.6 are taken.

With the constants obtained, equation 5.7 can now be used to describe the volume
change of the adhesive in cases in which the stress state stays unaltered. Figures 5.7
and 5.8 show curves of these volume changes for the experimental temperature cycles in
figures 5.3 and 5.4, respectively.

It is noteworthy that for all cycles, the adhesives show the same amount of shrink-

age after cycle completion. Differences only lie in cure evolution and, therefore, in the

Table 5.6: Parameters characterizing expansion and shrinkage of the adhesive.

k1 (1/°C)  kp (1/°C) Cp (1/°C) e

tot

3.840e-04 1.990e-04 0.0871 -9.112e-3
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Figure 5.6: Thermal expansion of the fully cured adhesive.

development of cure-induced shrinkage. Figure 5.7 shows that with a low heating rate
(continuous black curve), the cure and corresponding volume changes start already dur-
ing the heating phase. In the fast heating experiment (dotted red line), on the other hand,
the adhesive reaches the pre-set cure temperature essentially in an uncured state. The
experiment with the medium heating rate shows a behaviour in between these two ex-
tremes.

The difference in cure evolution also influences the gelation process. While in cycles
with medium or high heating rates the gel point is reached in the isothermal phase at
cure temperature, gelation takes place at much lower temperatures for the L170 and L155
experiments. The gel point (i.e. the point when g reaches the value q,, from table 5.3) is

marked in figures 5.7 and 5.8.
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Figure 5.7: Predicted volume changes over the cure cycles L170, M170 and H170, and g from table 5.3.
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5.4.3. MECHANICAL PROPERTIES
Figure 5.9 displays the DMA results in the form of storage modulus curves for the five

different load frequencies versus temperature. By applying the time-temperature super-

103 ;
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& 10% ,
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Figure 5.9: The storage modulus E’ for different frequencies versus temperature.

position principle, a master curve for the storage modulus can be created. Figure 2.4
shows the curves measured and the assembled master curve. In figure 5.10, the shift fac-
tors used are plotted versus the temperature at which the respective partial curve was
measured. The function in equation 5.14 with the fitted parameters in table 5.7 is de-
picted as well. Tables 5.8 and 5.9 list the obtained shear moduli, relaxation times and the

bulk modulus.

Table 5.7: Shift factor parameters.

i) GEK AdJ/mol)
7.855 30.56 362900
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Figure 5.10: The shift factor from DMA data and fitted curves used in the model.

5.4.4. EXPERIMENT VERSUS SIMULATION
The simulation results presented here were obtained with the model described in section
5.3.2 and the values in tables 5.3, 5.5, 5.6, 5.7, 5.8 and 5.9. Displacement curves depict

the difference between out-of-plane displacements of nodes N3 and Njy:
Aty = 1y (Ny) — uy(N3) (5.15)

(see figure 5.2). For better comparison, all curves are shifted on the time scale so that
cooling down begins at £ = 0 min.

Figure 5.11 shows the simulated and measured displacement of the steel strip for
the cycles with a cure temperature of 170 ° C. Curves for the medium and high heating
rate (blue and red lines) resemble each other: the curves start to drop late in the heat-
ing phase or early in the dwell phase to a plateau level where they remain until the end
of the isothermal phase. The second drop sets in with the cooling down. Predictions
and experiments show good agreement for these curves. The simulation somewhat un-

derestimates the first decrease, whereas it overestimates the second. The fact that the
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Table 5.8: Shear moduli and relaxation times.

Tm () Gm (MPa) Tm(8) G, (MPa)
1E-10 3.228E+01 1E-02  2.535E+01
1E-09 1.415E+01 1E-01 2.383E+01
1E-08 2.274E+01 1E+00 1.953E+01
1E-07 1.847E+01 1E+01 1.061E+01
1E-06 1.899E+01 1E+02  3.776E+00
1E-05 1.778E+01 1E+03  1.391E+00
1E-04 1.822E+01 1E+04 2.307E-03
1E-03 2.126E+01 1E+10  3.254E-02

Table 5.9: Bulk and rubbery shear moduli.

G (MPa) G™ (MPa) K (MPa)
1.608 1.608 2463

H170-curve shows less absolute final displacement than the M170-curve, however, is
not reflected in the simulation results.

The simulation model allows further insights in the cure process. Figure 5.12 shows
the development of the strain component ™ for the steel, aluminium and the epoxy, and
the strain components £* and ™ + ¢" for the adhesive. Furthermore, the black vertical
line marks the gel point. Strain before the gel point cannot cause permanent shear stress
and, consequently, no displacement of the strip. The gel point is reached in the isother-
mal phase; thermal strain components do not change in that phase. Hence, the first drop
in strain of the M170- and the H170-curves in figure 5.11 is caused by the chemical strain
component alone. As soon as ™ fades out, no further displacement is seen. Strain in the
H170-cycle shows similar behaviour; the only difference is that the gel point is passed
later in the dwell period. The second drop in displacement in all cycles is caused by the
thermal shrinkage of the adhesive during cooling down, which exceeds that of the steel
and aluminium.

The steel strip’s slow rise early in the heating phase (continuous black line in figure
5.11) is not to be found in the corresponding simulation curve. From about ¢ = —60 min
on, however, both curves show similar shapes: a down-up movement before the cure
temperature is reached, a constant level above zero during the isothermal phase and a
larger drop during cooling.

The predicted strain contributions in figure 5.13 can help to interpret the experimen-
tal low heating-rate curve L170 in figure 5.11. The chemical strain development takes
place entirely in the long heating phase. There, it causes first an overall shrinkage of the

adhesive (mechanical strain neglected) and, consequently, the up-down movement of
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Figure 5.11: Measured (solid lines) and predicted (dashed) displacement of the steel strip for the cycles with
170 ° C as cure temperature.

the steel strip. As displayed already in figure 5.7, the gel point is reached during heating.
The development of e +&™ (green line) indicates that the adhesive tends to occupy more
space in the dwell phase than at the gel point. That explains why the steel strip deflects
in the upwards direction during the isothermal phase (see figure 5.11).

The experimental M155- and H155-curve in figure 5.14 show, similar to the 170 °C-
curves, two distinguished, sudden drops in displacement. The simulation results reflect
that behaviour but underestimate the depth of the first drop and, therefore, the absolute
final displacement. The observed difference in displacement between the M155- and
H155-cycles is not predicted by the simulation.

The L155-curve has a less pronounced first drop than the M155- and H155-curves,
which also starts earlier in the cure cycle. The simulation reproduces that, but with
smaller depth and with a few minutes delay. Also, the predicted first drops in the cycles
M155 and H155 set in later than the ones observed. This might be due to deviations of
the simulated gelation process from the actual one in the experiment. As in cycles with
a cure temperature of 170 °C, the first drop in all 155 °C curves is linked to the strain
components e + ™ (see figures 5.15 and 5.16).

While both simulated L-curves show the same amount of final displacement, the
M170 and H170 graphs show more absolute final displacement than their 155 ° C coun-
terparts. The reason for that is the gel point, which is reached at different temperatures
for the M- and H-curves but not for the L-curves (see figures 5.7 and 5.8). Only thermal
strain from that point on contributes to panel distortions.
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Figure 5.12: Predicted strain development in cycle M170.
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Figure 5.13: Predicted strain development in cycle L170.
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Figure 5.14: Measured (solid lines) and predicted (dashed) displacement of the steel strip for the cycles with
155 °C as cure temperature.
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Figure 5.15: Predicted strain development in cycle M155.
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5.5. CONCLUSIONS

In this chapter, the development of panel distortions measured in chapter 3 due to hot-
curing adhesives was simulated. Material constants of a commercial, epoxy-based sys-
tem were determined and incorporated in the model from chapter 4 making it possible
to compare predicted panel distortions to experimental data.

The simulation reproduced many phenomena seen in experiments: the steel strip
deforms already before the cooling down sets in; in case of low heating rate even before
the cure temperature is reached. The final displacement depends on the entire temper-
ature cycle.

To assure better quantitative predictions, further experiments are done in chapter 6.
In a parameter study, the influence of the adhesives material constants on the simulation
results are investigated.
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MODEL SENSITIVITY AND SURFACE
MEASUREMENTS

Adhesive bonding is an established joining technique in automotive or aerospace appli-
cations. In case thin structures like car body panels are bonded, distortions can occur
during the hot cure of the adhesive. Finite-element analysis can help to understand and
prevent distortions. However, accurate models require a large number of material con-
stants obtained in time-consuming experiments. Some of the parameters might have a
great influence on panel distortions and need to be measured accurately while for others, a
rough estimate may suffice. Understanding how much each material constant contributes
to panel distortions allows to identify important parameters which require an accurate
determination. In this chapter, the sensitivity of a finite-element simulation to varying
material parameters is investigated. To that end, the model is run with different combi-
nations of material coefficients; the results are fitted to regression models. In addition, the
reduction of panel distortions due to an improved cure cycle is investigated. The deflec-
tions of a steel-aluminium strip originating from the bonding processes in a standard and
an improved cure cycle are investigated. The process is simulated as well. From all pa-
rameters investigated, the chemical shrinkage shows the strongest influence on bonding
deformations followed by the gel point. The improved cure cycle can reduce displacements
of the structure. The simulation predicts well the displacements and the difference in dis-
placements between those two cure cycles. However, with the strips not being flat before

the bonding process, the improvement may be in the order of magnitude of their deviation
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from flatness and may be equalized by that.

6.1. INTRODUCTION

In chapter 5, the constitutive equations from chapter 4 were combined with results from
material characterization tests, thereby allowing to simulate the bonding processes stud-
ied in chapter 3. The simulations delivered deeper insight into the development of dis-
tortions in a specific structure under specific cure cycles. For the application engineer,
further experimental data is desirable to verify the accuracy of the model or to learn more
about its limitations.

The simulation model is based on certain assumptions about the adhesive’s proper-
ties. Among other things, the bulk modulus was assumed to be constant, the chemical
shrinkage was estimated by presuming the CTE of the curing adhesive is equal to that
of the fully cured one above the glass transition temperature. Other material param-
eters, however, are determined in designated experiments rather than estimated. The
questions may arise how the assumptions affect the accuracy of the model or if further
simplifications can be applied to reduce the amount of experimental work in case the
model is applied for another adhesive.

Apart from that, reducing distortions or the risk of distortions may be desired. White
and Hahn [1] showed that residual stresses in composites can be reduced if the polymer
dwells at an elevated temperature prior to the actual cure phase. Their findings indicate
that a pre-cure step in the cure cycle would also reduce panel distortions due to hot-
curing adhesives.

This chapter addresses these issues. The sensitivity of the simulation model to vary-
ing material properties is investigated. To that end, a set of material constants is iden-
tified. The model for cycle M170 from chapter 5 is run with different values for these
constants. Linear and one-way interaction regression models are fitted to the simulation
results with the material parameters as input variables and the absolute final displace-
ment of the steel strip after the cure cycle as the response variable.

In addition, another experiment is performed. A steel strip and an aluminium strip
are bonded in cure cycles with and without pre-cure step. The deflection is measured

via Digital Image Correlation (DIC) before and after cure.

6.2. PARAMETER STUDY
The simulation model for cure cyle M170 in chapter 5 is investigated here. The simula-

tion is run with different combinations of a chosen set of material parameters. As the
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output (response) variable, the absolute final displacement of the steel strip after the
cure cycle is chosen, that is the absolute value of the blue dashed line in figure 5.11 at

about ¢ = 40 min.

6.2.1. PARAMETERS AND RANGES

More than 40 material constants are used for the adhesive’s constitutive model in chapter
5. Using all of them as varying input variables would lead to a vast amount of possible
combinations and consequently to a large number of simulation runs needed. There-
fore, to reduce simulation time, only 7 variables are selected here. This work focusses
only on the impact these 7 variables have on the predicted displacement and the corre-
lation they have to each other. For each variable, a variation range is defined. The mate-
rial parameters, their original values from chapter 5 and their upper and lower bounds
are listed in table 6.1. The shift factor loga(T) is varied above (C;) and below (A) the
glass transition temperature simultaneously (see equation 5.14). It is treated as a single
variable in the regression model.

In the previous chapter, the bulk modulus K was not measured but estimated and
assumed to be constant. Estimated values carry presumably a greater uncertainty than
directly measured ones which only deviate from true values because of measurement
errors. The glassy bulk modulus of the fully cured adhesive is about twice the rubbery
one (2, 3]. Rabearison [4] assumes a factor of 2.1 between the cured and the uncured
bulk modulus. Taking these factors into account, the bulk modulus can vary in a range
where the upper bounds is about 4.2 times the lower one. Choosing an interval of that
range and with the estimate from chapter 5 as the centre leads to the limits listed in table
6.1.

Table 6.1: Material parameters used as input variables, their original value and their variation ranges.

Mater. parameters Original Min. Max. Min./org. Max./org.
K (MPa) 2463 947.3 3978.7 0.38 1.62
Goo (MPa) 1.608 1.367 1.849 0.85 1.15
G, (MPa) 248.4 211.1 285.7 0.85 1.15
loga(T): C; (-) 7.855 6.677 9.033 0.85 1.15
loga(T): A (J/mol) 362900 308465 417335 0.85 1.15
Gga () 0.455 0.3 0.6 0.66 1.32
ko (1/s) 3.41E+08 2.90E+08 3.92E+08 0.85 1.15
en () -9.112E-03  -4.800E-03 -9.112E-03 0.53 1.00

The degree of cure at the gel point g, for the adhesive BM1496V was measured in [5].
Lopéz et al. [6] find values for curing epoxies from 0.28 to 0.58. Here, limits of 0.3 and 0.6
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are chosen.

The CTE of the fully cured adhesive is not integrated in the model. In cases (with
other adhesives) where there is doubt if a simple estimate suffices or if experimental
determination is needed, a measurement is fairly easy to accomplish. In that sense, the
CTE differs from the chemical strain £.

€™ was not measured directly. Other researchers pointed out that an in-situ record-
ing of volume changes is required to obtain the exact chemical shrinkage. Therefore,
the value determined in [5], here referred to as effective chemical shrinkage, was cor-
rected in section 5.2.2. That led to a significantly higher absolute value. Effective and
real chemical strains are taken as lower and upper bounds.

For the following parameters, variation intervals of + 15% around their original value
are chosen. The shear relaxation curve of the adhesive is determined by a set of moduli
and relaxation times at each temperature. For simplicity reasons, only the equilibrium

modulus G, the glassy instantaneous modulus

M
G,=Geo+ Y G
m=1
and the shift factor loga(T) are chosen as input variables. Equation 5.1 determines the
cure evolution of the adhesive. Here, only the cure rate ¢ is varied by varying the pre-

factor ky.

6.2.2. DESIGN PLAN

To keep the number of runs small, a two-level approach is chosen that is only simula-
tion runs with variables at their maximum or minimum values are performed. Instead
of all 27 possible combinations, a fractional factorial design with 16 runs is chosen. Sim-
ulations are only performed with input variables at their maximum or minimum values
(2-level design) decoded as 1 or -1 in table 6.3. The test plan was designed with the soft-
ware tool Minitab 16 [7]. The same software package is used for data analysis.

6.2.3. REGRESSION MODELS
The simulation results with their respective variable value combination are fitted to a

linear model

x=PBo+Bix1+Box2+...+Brxz
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and a linear model with 2-way interactions

Y=PBo+Pixi+Bxxz+...+Brx7+ Brzxixz + Pisxixa + ...+ Ber X6 X7

where y is the response variable (absolute displacement of the steel sheet |Au, | after the
cure cycle, see equation 5.15, figures 5.2 and 5.11), y; are the variables representing the
material parameters on a coded scale from -1 (minimum value) to 1 (maximum), ¥;y;
represent the interaction of factor y; and yx ;. The fitted §; are the main effect coefficients
and B;; are the interaction coefficients.

The null hypothesis for each coefficient is that the coefficient is zero and that the as-
sociated variable has no influence on the response. It is tested with a significance level
of @ = 0.05. That means the null hypothesis is rejected and the coefficient is significantly
different from zero if the coefficient’s P-value is less than a. The P-value calculated from
the observation data represents the probability of incorrectly rejecting the null hypoth-

esis when it is actually true [7, 8].

6.3. BIMETAL STRIP

6.3.1. SPECIMEN

A 100 x 20 x 0.25 mm steel strip made of DC04+EZ is bonded to a 100 x 20 x 0.3 mm alu-
minium 2024-T3 strip with 0.25 mm BM1496V adhesive layer. Table 6.2 lists the material
properties of both metals. Figure 6.1 shows a drawing and a photograph of the bimetal

specimen.

Table 6.2: Properties of the materials used.

Material EMPa) v() a(10°%/K
Aluminium 2024-T3 73.1 0.33 23
Steel DCO4+EZ 210 0.3 13

6.3.2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

On one side of the steel strip, a layer of white paint is sprayed on the degreased surface
followed by a speckle pattern of black coloured paint (see figure 6.2). After a day of dry-
ing, the other side is bonded to the aluminium strip. To ensure a constant adhesive layer
thickness of 0.25 mm, glass beads were spread in the adhesive film and the sample was
weighted for several hours.

After cleaning the sample from squeezed out adhesive, a first set of DIC photographs
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Figure 6.1: Top: drawing of the bimetal strip with different material layers; distances in millimetres. Bottom:
photograph of the specimen with thermocouples taped to both the top (aluminium) and bottom (steel) side
and speckle pattern on top.

Figure 6.2: Photograph of the specimen’s speckle pattern.

is taken. Afterwards, thermocouples are taped on both sides of the bimetal strip and the
sample is placed in an oven and exposed to a cure cycle with (P170) or without (NP170)
pre-cure step. For each cycle, one sample is taken. The cycle NP170 consists of a heating
phase, an isothermal (dwell) phase of 30 minutes at 170 ° C as recommended by the pro-
ducer [9] and a cooling down phase. The cycle P170 has an additional isothermal phase
of 60 minutes at 125 ° C prior to the recommended one. The cooling down to room tem-
perature is done passively by leaving the sample without further heating over night.
After cure, a second set of DIC photographs is taken. The DIC set-up has not been
moved between the two shootings and the sample is placed on a marked position for
both shootings. However, to avoid errors due to inaccurate positioning, the displace-
ment field from the second shooting is ignored. Instead, the surface shapes from both
shootings, before and after cure, are compared. The displacement is set to zero in the

centre of the surface.
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6.3.3. SIMULATION MODEL

The simulation model for the bimetal strip consists of 7371 brick elements of type C3D20R.
Each material layer is built up of three layers of elements. The top layer of the model
depicted in figure 6.3 represents the steel strip followed by the adhesive layer and the

aluminium strip. Symmetries allow to reduce the model to one quarter piece of the

Symmetry planes

Figure 6.3: Mesh of the finite-element simulation model with three material layers: steel (red), adhesive (white)
and aluminium (green).

specimen with the symmetry boundary conditions shown in figure 6.3. The coordinate
system’s origin is located in the centre of the specimen’s top surface with y being the
out-of-plane coordinate.

The material constants from table 6.2 are used to describe the metals in the simula-
tion; the properties of the adhesive are the ones determined in chapter 5. The tempera-
ture profiles for the NP170 and P170 cure cycles are adopted from the experiments. For
simplicity reasons, the curves are piecewise linear (see figures 6.6 and 6.9). A homoge-

neous temperature distribution through the entire sample is assumed.

6.4. RESULTS AND DISCUSSION

6.4.1. PARAMETER STUDY
Table 6.3 lists the simulation results with the combination of variable values used. Table
6.4 shows the P-values and coefficients of the designated material parameters for the
linear regression model. The complete Minitab output for both regression models can
be found in appendix B.

Only € and q,, have a P-value below 0.05 in the linear model; they are the only
parameters showing a significant influence on the steel strip displacement. Figure 6.4
shows a Pareto chart of the standardized effects (absolute values of the coefficients di-

vided by their respective standard errors) of the linear model with the red line repre-
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Table 6.3: Simulation runs with the according input coded input variable values and the results.

Runno. K Gs G, loga(T) q. ko € Result(um)

tot

1 1 -1 1 1 -1 -1 1 128.5
2 -1 -1 1 -1 1 1 1 119.2
3 -1 -1 -1 1 -1 1 1 126.6
4 -1 -1 1 1 1 -1 -1 112.0
5 1 1 -1 1 -1 -1 -1 118.7
6 1 -1 -1 -1 1 -1 1 121.1
7 1 1 1 -1 1 -1 -1 114.7
8 -1 1 1 -1 -1 -1 1 128.6
9 1 -1 -1 1 1 1 -1 113.5
10 1 -1 1 -1 -1 1 -1 117.4
11 -1 1 -1 1 1 -1 1 120.8
12 1 1 1 1 1 1 1 121.6
13 -1 1 1 1 -1 1 -1 116.4
14 -1 1 -1 -1 1 1 -1 113.2
15 1 1 -1 -1 -1 1 1 129.5
16 -1 -1 -1 -1 -1 -1 -1 116.7

Table 6.4: Coefficients and P-values of the linear regression model.

Term Coefficient P-value
Constant 119.868 0.000
K 0.719 0.061
Ginf 0.531 0.145
Gg -0.106 0.755
loga -0.144 0.674
qgel -2.894 0.000
qdot -0.231 0.502

ech 4.581 0.000
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senting the cut-off significance level for @ = 0.05. The chemical strain has the strongest
influence on the steel strip displacement followed by the degree of cure at the gel point.
The bulk modulus K has, even though given a larger variation interval, no significant
correlation with the response variable. The standard distance of data points from the
regression line is S = 1.32 um for the linear model.

A better fit is achieved by the linear model with two-way interactions (S = 0.03 pm).
Table 6.5 shows the effects, regression coefficients and P-values for that model. The
limited number of simulation runs does not allow to model all two-way interactions.
Minitab automatically removes those which are totally confounded.

Several regression terms show coefficients significantly different from zero. The stan-
dardized effects in figure 6.5 show that more terms have a significant effect on the model
response. With £ and g,, showing by far the strongest influence on the steel strip dis-
placement, the interaction term of shift factor and equilibrium shear modulus has an

affect, too. All main effect coefficients are significantly different form zero in that model.

Table 6.5: Coefficients and P-values of the linear regression model with two-way interactions.

Term Coefficient P-value
Constant 119.868 0.000
K 0.719 0.006
Ginf 0.531 0.007
Gg -0.106 0.037
loga -0.144 0.028
qgel -2.894 0.001
qdot -0.231 0.017
ech 4.581 0.001
K*Ginf -0.031 0.126
K*Gg 0.031 0.126
K*loga 0.094 0.042
K*qgel -0.006 0.500
K*qdot 0.106 0.037
K*ech -0.031 0.126
Ginf*loga -0.919 0.004

6.4.2. MEASURED AND PREDICTED STRIP DEFORMATIONS

Time plots are shifted on the time scale so that cooling down starts at ¢ = 0. Figure 6.6
shows the temperature profiles measured on both sides of the bimetal strip. The tem-
perature overshoot in the beginning of dwell phase was adopted in the simulation tem-

perature profile. It is caused by the reacting adhesive. The sensor for the temperature
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Figure 6.4: Pareto chart of the standardized effects for the linear regression model.

control is placed directly at the heating element so that it captures the highest temper-
ature in the oven unless another heating source increases the temperature at another
location. The degree-of-cure curve in figure 6.6 shows that a significant amount of the
cross-linking reaction takes place in the heating phase.

Figure 6.7 shows the measured and simulated sample temperature in the cycle P170.
The simulation of the cure reaction for that cycle reveals that the gel point shifts to the
pre-cure step and, therefore, to lower a temperature.

Figures 6.8 and 6.9 show the measured contour maps of the bimetal strips before
and after the cure cycle NP170 and P170, respectively. Note that left and right contour
plots have different colour scales. While showing a very similar deflection after both cure
cycles, the strips deviate from an intent flat surface before cure in both cases. The way
they deviate is quite different. Plots along the x-axes illustrate that difference (figure
6.10).

The simulation model does not account for any curvature before the cure cycle, but
assumes a flat strip in the reference state.

The development of the strip’s deflection becomes apparent when looking at Auy, =
uy(Ng) — uy (N5), the difference between out-of-plane displacements of nodes N5 and Ng

depicted in figure 6.3. Figure 6.11 shows the plots of Au, over time for both cure cycles.
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Figure 6.5: Pareto chart of the standardized effects for the regression model with two-way interactions.

The deflection of a bimetal strip usually originates from different CTEs of both metals
and temperature change. Looking at the bonding process of two metal strips, additional
factors need to be accounted for. The compound strip can deflect only if the adhesive is
able to transfer loads between both metals. The gel point can be seen as the point from
which on that is the case. Moreover, the expansion and shrinkage of the adhesive might
contribute to deflections as well.

The deflection in the P170 cycle starts at about ¢ = —30 min with an increase in Au,,
(see figure 6.11). Before that point in time, no deflection is observed. However, the gel
point has been passed and the degree has increased from 0.5 to about 0.7. Since the cure
shrinkage grows linearly with the degree of cure in the model (see equation 5.10), 20%
of the chemical shrinkage occurred in the time period between the gel point and the
first deflection. Evidently, that shrinkage did not contribute to any deflection. Keeping
the geometry of the specimen depicted in figure 6.1 in mind, that is not surprising. The
adhesive layer is close to the neutral line and has a by some order of magnitude smaller
modulus than the metal strips. Therefore, volume changes of the adhesive contribute
less to deflections than volume changes of the metals.

The first increase of Auy, in cycle P170 can be explained by the temperature raise

from the pre-cure step to the 170 ° C cure temperature; the drop is caused by the cooling
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Figure 6.6: Cure cycle NP170: measured (continuous red and dotted green line) and simulated (dashed blue
line) temperature together with the predicted degree of cure (continuous green line). The gel point is marked
with a vertical black line.

down (see figures 6.7 and 6.11). The first drop of Auy in cycle NP170 is caused by the
temperature decay from the overshoot peak. During that displacement drop, there is
also quite some cure shrinkage taking place (see figure 6.6), but, as seen in the other
cure cycle, that will hardly cause any deflection.

The difference in Au, between both cure cycles does not change much more during
cooling down. Figure 6.12 shows the displacement along the x-axis after both cure cycles
for both experiment and simulation. The simulation predicts well the final displacement
for both cycles. The difference in displacement at the outer edges of the strip between
the two cure cycles of about .5 millimetres agrees well with the measured one. However,
because the simulation model starts from a flat strip, that difference is also to be found
in the predicted final shape of the strip, while for the measurement, the difference in
displacement is compensated by the difference in deviation from a flat reference state

(see figure 6.10).
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Figure 6.7: Cure cycle P170: measured (continuous red and dotted green line) and simulated (dashed blue line)
temperature together with the predicted degree of cure (continuous green line). The gel point is marked with
a vertical black line.
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Figure 6.8: Contour map of the bimetal strip before (left) and after (right) the cure cycle NP170 measured with
DIC.
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Figure 6.9: Contour map of the bimetal strip before (left) and after (after) the cure cycle P170 measured with

DIC.
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Figure 6.10: Measured position of the bimetal strip before and after cure at position z = 0.



6.4. RESULTS AND DISCUSSION 111

NP170, sim.
= = =P170, sim.

Au_(mm)

-3+ 4

-35 i i i i i i L L L
-100 -80 -60 -40 -20 0 20 40 60 80 100

Time (min)

Figure 6.11: Predicted displacement of the bimetal over time.
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Figure 6.12: Predicted and measured displacement of bimetal strip after cycle NP170 and P170.
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6.5. CONCLUSIONS
The chemical strain € should be determined with great care. With variation interval
from the effective to the real strain, it showed a greater influence on the steel strip dis-
placement than all other material constants investigated. In addition, the point of gela-
tion is of importance too. An estimate with the common region from 0.3 to 0.6 might not
be sufficient; an experimental determination is required. The bulk modulus only shows
a significant affect in one of the regression models. An estimate might suffice. The other
mechanical properties Goo, G, and loga(T) as well as ky show a weaker relationship with
the displacement. Their determination does not require more effort as there is no evi-
dence that this would improve the prediction quality of the model.

A cure cycle with a pre-cure step at a lower temperature than the cure temperature
can reduce panel distortions. The simulation model is capable of predicting the im-
provement. For accurate predictions, however, a simulation with the real part shape

instead of the intent geometry is recommended.
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DISCUSSION

7.1. SIMULATION APPROACH

In this work, a model is proposed that predicts well panel displacement measured during
cure in different temperature cycles. It can be used to predict local panel distortions
that are caused by the evolving properties of the adhesive. Some characteristics of the
model were proven to be essential for accurate predictions and should be taken into
consideration for similar modelling approaches.

Describing the stress-strain relation in form of rate equations as it is done in equation
4.6 turned out to be of importance. As described in the respective section, the hypo-
elastic formulation implies that cross links that lead to an increase in the modulus only
contribute to stresses through strain that occurs after the cross link is formed. Since
the evolving equilibrium shear modulus depends on the cure process which, in turn,
depends on the temperature history, stress development in the adhesive depends on the
temperature history. As a consequence, the model predicts different levels of distortions
for different cure cycles as it was also seen in the experiments. The rate equations were
essential for that.

The bulk modulus was not measured but roughly estimated. The research on the
sensitivity of predictions to the bulk modulus confirmed the preceding assumption that
the bulk modulus has little influence on deformations as long as the adhesive is not ap-
plied in a confined space. This simplifies material characterization. The bulk modulus

is usually not as easy to determine as other mechanical constants such as shear or ten-
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sile modulus for instance, especially when it depends on time, temperature and degree
of cure. In addition, using measurements of other properties to calculate K yields inac-
curate results. Doing a rough estimate rather than measurements of the bulk modulus
saves time and effort. A more accurate determination is required in cases where the ad-
hesive has no space to spread.

The chemical strain showed a significant influence on panel distortions and needs
to be determined accurately. The difference between the effective chemical shrinkage
found through density measurements at room temperature before and after cure and
the real one occurring at elevated temperature can be large enough to affect the predic-
tion of local distortions. An in-situ measurement is desirable. However, if that is not
possible, then the correction procedure as described in chapter 5 may be used to im-
prove predictions.

Adhesives that are glassy in their operative range pass the glass transition tempera-
ture during cooling from the cure temperature. The drastic change in properties need
to be accounted for by temperature-dependent material parameters. In this work, the
shear relaxation modulus of the adhesive investigated is a temperature-dependent func-
tion. The assumption of thermorheological simplicity reduced significantly the experi-
mental effort while providing sufficient accuracy in the predictions. Shifting the relax-
ation curve did not show any significant impact on predictions in the sensitivity analysis.
However, the relaxation behaviour may vary from material to material and needs to be
evaluated separately for each adhesive. The investigations do not show any necessity to
describe the bulk modulus as temperature-dependent. Quite the contrary, a constant
bulk modulus may suffice. The CTE changes significantly at the glass transition tem-
perature. The effect chemical strain has on distortions suggests that thermally induced
volume changes are of equal importance. Therefore, the CTE should be measured below
and above the glass transition temperature, which is a simple procedure and should not
cause any problems.

The constitutive description of the adhesive is based on a small-strain assumption. It
has been mentioned in this work that finite-strain models are available as well as models
including plasticity or other phenomena. These models allow to extend the applicability
to cases where these effects play a role. A thorough testing, in which deformation is
monitored in various temperature cycles as it is done in this work, is needed to ascertain
accurate predictions.

The results of a simulation may be processed further to evaluate the severity of dis-
tortions. In case a scale is used that is based on the deviations of curvature, the dis-

cretization of the finite-element model can be important. Changes in the slope of the
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panel’s surface may appear less abrupt in a simulation due to a wider mesh. Estimates
on the severity need to take that into account. The robustness of the severity value to
changes in mesh size may need to be examined.

The model can be applied to other one-part adhesives which cure at an elevated tem-
perature. However, if the cure mechanism is a different one, the model needs to reflect
that. In cyanacrylic adhesives for instance, the distance to adherends might need be in-
cluded in the setting rate equation since ions diffusing from the substrate initiate the

setting process.

7.2. DISTORTIONS

The occurrence of distortions in the bonding process is usually an exception. However,
light-weight design will also promote more diverse combinations of materials and thin-
ner panels in the future. While the use of dissimilar materials suggests adhesive bonding
as a joining method, the use of thinner panels increases the risk of bonding distortions.
If occurring distortions can be linked to the changing properties of the adhesive, simula-
tions similar to the ones done in this work can help to study them and find measures to
prevent them (as for example modifying the temperature cycle). It is noteworthy, how-
ever, that simulations based on an ideal geometry can under-predict distortions. Devi-
ations of the adherends from the intended shape can lead to an inconsistent adhesive
layer thickness, which, in turn, can cause visible defects. Therefore, simulations might
need to incorporate manufacturing tolerances.

If relative movements of the adherends cause distortions, the entire structure and
the real bonding process need to be examined. The complex temperature field during
cure needs to be determined. But even if that is accomplished and the distortions can
be explained by the adverse temperature development in the oven, the temperature of
the assembly is usually not in direct control of the engineer. Controllable parameters in
a cure oven might be the temperature and speed of the hot air at the inlet nozzles to the
oven, the orientation of the nozzles and the movement and position of the structure in
the oven. How a modification of these parameters improves the temperature field can be
quite complex. A study on the correlation of control parameters and panel distortions is
necessary to provide directly applicable guidelines for the avoidance of distortions. Such
a study needs industrial investigations and cannot be limited to laboratory research. It
requires a detailed knowledge on the heat transfer during cure. The current model is
based on a known temperature field. In future works, the model should be expanded
to also cover heat conduction; the balance equation of linear momentum needs to be

solved in conjunction with the balance equation of energy.







CONCLUSIONS AND
RECOMMENDATIONS

8.1. CONCLUSIONS

The goal of this research was to study the development of local panel distortions during
the hot cure of an adhesive, to understand the correlation between changing properties
of the adhesive and the occurrence of distortions, to derive a mathematical description
of the bonding process that can be used in a simulation model to predict distortions and
the comparison of simulation results and experiments.

Local panel distortions can arise in early stages of the cure cycle, even before the cure
temperature is reached. In order to analyse the origins of distortions, the temperature
history over the entire bonding process needs to be looked at. Investigations on the cure
temperature only are insufficient; changing the cure temperature might not affect the
(amount of) distortions. For accurate predictions, a degree-of-cure and temperature-
dependent model is needed that factors in chemical shrinkage, thermal deformation and
stress relaxation. In order to be able to predict differences in distortions that arise from
different heating rates or pre-cure dwelling periods, the model has to take into account
that the cross links formed in the adhesive material contribute to stresses only via subse-
quent mechanical deformation. A hypo-elastic constitutive model meets that demand.

To assure accurate predictions but keep the effort small, different material constants

need different treatment. The chemical shrinkage and the gel point should be deter-
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mined with good accuracy as they have a strong influence on the distortions predicted.
To measure a time-, temperature- and cure-dependent bulk modulus is not necessary if
bond lines are not confined. A constant value or an estimate suffice for these cases.

By providing a tool to compare the distortions from different cure cycles, the model
can help to design robust bonding processes in which distortions are kept underneath a
defect threshold.

8.2. RECOMMENDATIONS FOR FUTURE WORK

The constitutive equations for the adhesive can be used to describe other types of adhe-
sive or other cross-linking polymers if the cure mechanism and the correlation between
the state of cure and the mechanical properties are the same. Otherwise, adjustments
are needed. The model assumes that the temperature field is known beforehand. How-
ever, it is desirable to predict the temperature development for a given heating set-up.
Therefore, future work should focus on solving equations for the heat transfer along with
the stress calculations. For distortions that originate from the relative movement of ad-
herends, these calculations must incorporate the entire assembly and even the air flow
in the oven. To provide directly applicable guidelines to reduce distortions, the correla-
tion between distortions and controllable process parameters such as nozzle direction,
inlet air temperature and position and movement of the structure in the oven has to be
investigated. Future work on that topic must exceed laboratory studies and focus on
specific industrial bonding processes.

The prediction model at hand can be used to study bonding processes of complex
structures in a complex temperature field. The experimental validation of the model that
has been obtained here ensures that the correlation of distortions and evolving proper-
ties of the adhesive are represented correctly. Extending the model for use in more com-
plex processes requires validation of these modifications. For example, if processes with
larger displacements such as global distortions are studied, finite strain, plastic defor-
mation and/or damage to the adherends or the adhesives might occur and should be

integrated in the model; they need additional validation.



MATERIAL PARAMETERS FOUND IN
LITERATURE

From [1] the following material properties have been retrieved:

E,(J/mol) m(-) n(-) ko (1/s) ki (1/°C) ko (1/°C)

71.28-103  0.272 1.125 7.98-10° 331-10° 6.1-107°

Co(1/°C) C() Tg (°C) o () b () b, ()
0.0777 0.0894 91.7 -2.0-1073 2568 4.33-1073

G™ (MPa) G () so CC/MPa) T, (°C)
590 0.4 0.394 10

The Prony terms of the tensile relaxation modulus E(#) in [1] are used to determine the
shear relaxation modulus:

3KgoE(t)

Gt)= ——F—,
9Kgo — E(1)

where Kgp = 17136 MPa is the bulk modulus at 60 °C( see equations 4.7, 4.8, and 4.9). By
fitting equation 4.15 to that function, the following parameters are obtained with G, =
G™' =590 MPa:
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i Ti (s) G; (MPa) i T; (s) G; (MPa)
1 1.00E-20 6.56E+00 19 1.00E-02 5.77E+02
2 1.00E-19 1.49E+02 20 1.00E-01 3.86E+02
3 1.00E-18 9.61E+01 21 1.00E+00 2.70E+02
4 1.00E-17 8.37E+01 22  1.00E+01 2.06E+02
5 1.00E-16 7.22E+01 23  1.00E+02 1.70E+02
6 1.00E-15 7.11E+01 24 1.00E+03 1.53E+02
7 1.00E-14 7.52E+01 25 1.00E+04 1.42E+02
8 1.00E-13 8.19E+01 26 1.00E+05 1.39E+02
9 1.00E-12 1.02E+02 27 1.00E+06 1.40E+02

10 1.00E-11 1.23E+02 28 1.00E+07 1.49E+02
11 1.00E-10 2.12E+02 29 1.00E+08 1.54E+02
12 1.00E-09 3.78E+02 30 1.00E+09 1.78E+02
13 1.00E-08 8.45E+02 31 1.00E+10 1.45E+02
14 1.00E-07 1.12E+03 32 1.00E+11 2.16E+02
15 1.00E-06 1.07E+03 33 1.00E+12 2.26E+01
16 1.00E-05 1.24E+03
17 1.00E-04 1.11E+03
18 1.00E-03 8.28E+02
REFERENCES

(1] J. de Vreugd, The effect of aging on molding compound properties, Ph.D. thesis, Tech-
nische Universiteit Delft (2011).



REGRESSION MODELS FITTING
RESULTS

Minitab output for the linear regression model:

Factorial

Estimated

Fit: result versus K, Ginf, Gg, loga, qgel, qdot, ech

Effects and Coefficients for result (coded units)

Term Effect Coef SE Coef T P
Constant 119.868 0.3292 364.08 0.000
K 1.438 0.719 0.3292 2.18 0.061
Ginf 1.062 0.531 0.3292 1.61 0.145
Gg -0.213 -0.106 0.3292 -0.32 0.755
loga -0.288 -0.144 0.3292 -0.44 0.674
qgel -5.787 -2.894 0.3292 -8.79 0.000
qdot -0.462 -0.231 0.3292 -0.70 0.502
ech 9.162 4.581 0.3292 13.91 0.000
S = 1.31693 PRESS = 55.4980

R-Sq = 97.21%, R-Sq(pred) = 88.85)% R-Sq(adj) = 94.77%
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Analysis of Variance for result (coded units)

Source DF Seq SS Adj SS Adj MS F P

Main Effects 7 483.918 483.918 69.131 39.86 0.000
K 1 8.266 8.266 8.266 4.77 0.061
Ginf 1 4.515 4.515 4.515 2.60 0.145
Gg 1 0.181 0.181 0.181 0.10 0.755
loga 1 0.331 0.331 0.331 0.19 0.674
qgel 1 133.976 133.976 133.976 77.25 0.000
qdot 1 0.856 0.856 0.856 0.49 0.502
ech 1 335.794 335.794 335.794 193.62 0.000

Residual Error 8 13.874 13.874 1.734

Total 15 497.792
Minitab output for the linear model with two-way interactions:

Factorial Fit: result versus K, Ginf, Gg, loga, qgel, qdot, ech

Estimated Effects and Coefficients for result (coded units)

Term Effect Coef SE Coef T P
Constant 119.868 0.006250 19178.86 0.000
K 1.438 0.719 0.006250 115.00 0.006
Ginf 1.062 0.531 0.006250 85.00 0.007
Gg -0.213 -0.106 0.006250 -17.00 0.037
loga -0.288 -0.144 0.006250 -23.00 0.028
qgel -5.787 -2.894 0.006250 -462.99 0.001
qdot -0.462 -0.231 0.006250 -37.00 0.017
ech 9.162 4.581 0.006250 732.99 0.001
K*xGinf -0.062 -0.031 0.006250 -5.00 0.126
K*Gg 0.063 0.031 0.006250 5.00 0.126
Kxloga 0.188 0.094 0.006250 15.00 0.042
K*qgel -0.012 -0.006 0.006250 -1.00 0.500
K*qdot 0.212 0.106 0.006250 17.00 0.037
K*xech -0.063 -0.031 0.006250 -5.00 0.126
Ginf*loga -1.837 -0.919 0.006250 -147.00 0.004
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S =0.025 PRESS = 0.16
R-Sq = 100.00% R-Sq(pred) = 99.97% R-Sq(adj) = 100.00%

Analysis of Variance for result (coded units)

Source DF Seq SS Adj SS  Adj MS F P

Main Effects 7 483.918 483.918 69.131 110609.82 0.002
K 1 8.266 8.266 8.266  13225.00 0.006
Ginf 1 4.515 4.515 4.515 7224.29 0.007
Gg 1 0.181 0.181 0.181 289.03 0.037
loga 1 0.331 0.331 0.331 529.06 0.028
qgel 1 133.976 133.976 133.976 214361.59 0.001
qdot 1 0.856 0.856 0.856 1368.96 0.017
ech 1 335.794 335.794 335.794 537270.82 0.001

2-Way Interactions 7 13.874 13.874 1.982 3171.17 0.014
K*Ginf 1 0.016 0.016 0.016 25.00 0.126
KxGg 1 0.016 0.016 0.016 25.01 0.126
Kxloga 1 0.141 0.141 0.141 225.02 0.042
K*qgel 1 0.001 0.001 0.001 1.00 0.500
Kxqdot 1 0.181 0.181 0.181 288.99 0.037
Kxech 1 0.016 0.016 0.016 25.00 0.126
Ginfxloga 1 13.505 13.505 13.505 21608.18 0.004

Residual Error 1 0.001 0.001 0.001

Total 15 497.792
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