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Abstract In the context of lightweight design and modern hybrid technologies, the importance of structural
and soft adhesives in industrial applications is increasing. Therefore, this paper examines a relatively soft
polyurethane adhesive characterized by showing nonlinear viscoelastic behavior at room temperature and
enduring large deformations. It is well suited for applications under dynamic loadings and can compensate
gap changes generated by materials with different thermal expansion coefficients. Theoretically, the examined
one-component polyurethane adhesive can be cured either thermally or through humidity, resulting in the same
mechanical characteristics. Comparing both curing reactions, humidity curing is much slower than thermal
curing. The latter can be controlled through the temperature, which may be applied through heating rates of up
to 150 Kmin~!. However, in comparison with metals polyurethane conducts the heat with a much smaller rate
which results in high temperature gradients within the adhesive layer. This paper focuses on the modeling of a
fast-curing polyurethane adhesive under consideration of the changes in density and thermomechanical material
properties induced by thermal curing. Therefore, the material properties need to be observed throughout the
thermal curing process, from the uncured fluid to the cured rubber material. In the long term, the accurate
prediction of the materials behavior will ultimately facilitate the optimization of the curing process.

Keywords Curing - Caloric experiments - Viscoelasticity - Thermomechanics - Material modeling -
Polyurethane

1 Introduction and state of the art

Polyurethane adhesives cure through a polyaddition reaction. Typically, the reaction of one-component
polyurethane adhesives is triggered by humidity diffusing into the adhesive and reacting with the isocyanate-
terminated polyurethane pre-polymer. A polyurethane urea is formed. Two-component polyurethane adhe-
sives cure in different ways. Depending on the type of hardener urethanes, urea or—at higher temperature—
allophanate can be formed. One-component polyurethanes with a so-called latent hardener cure under temper-
ature influence, releasing the embedded hardener to react with the pre-polymer. The examined one-component
adhesive combines thermal curing with moisture-curing mechanisms. Depending on the heating rate and the
thickness of the material, thermal curing forms within several minutes to an hour. With no heat activation, the
humidity curing forms from the surface into the material at rates of approximately 1 mm within 24 h.
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In the works of Yagimli [19] and Liebl [10], the material model is based on an epoxy adhesive. Epoxies cure
through a polyaddition reaction similar to polyurethanes. The reaction can be accelerated through heat as well.
However, humidity does not affect the reaction itself. Since the humidity reaction of the examined polyurethane
adhesive is very slow compared to the thermal reaction, it is neglected when modeling the thermal reaction.
Hence, the approach of Yagimli and Liebl is applicable to the polyurethane adhesive. Both works use differential
scanning calorimetry (DSC) to study the exothermal curing process as was already described in a paper of
Kamal and Sourour [17]. They introduce a phenomenological variable to describe the progress of the reaction
and density measurements based on Archimedes’ principle to describe the changes in density resulting from
the curing reaction as well as temperature changes. The time—temperature-transformation diagram which was
proposed by Enns and Gillham [3] is a means to visualize the phase changes during isothermal polymerization.
The transition from fluid to solid is incorporated into Liebl’s rheological material model for small deformations
by formulating the equilibrium spring stiffness of the generalized Maxwell partial model dependent on the
degree of curing. That way, the material behavior is viscous below the gel point and viscoelastic with the
stiffness increasing with the degree of curing above it. Yagimli considers the impact of the curing reaction on
the material behavior for large deformations by formulating the Helmholtz free energy split into a mechanical
and a thermal part, both dependent on the degree of curing. In the course of this project, similar approaches
will be applied to the characterization of the polyurethane adhesive. In an earlier work of Lion and Hofer
[12], the authors propose an approach for the representation of curing in continuum mechanics. The modeling
equations are derived from the Helmholtz free energy using a multiplicative split of the deformation gradient
and an additive split of the stress power, thus securing thermodynamic consistency. The representation of the
progression of curing through an internal state variable is applied as well. The framework of their material
model would still be valid, even if different equations for the curing variable are used, so a similar approach may
be applied to the material at hand. Adolf and Chambers [1] propose a thermodynamically consistent modeling
approach for nonlinear viscoelastic behavior of curing thermosets using the Helmholtz free energy formulation
as well. Over the course of several papers, Hossain, Possart and Steinmann describe the modeling of thermosets,
first for small strains [6] and then for finite deformations [7]. The small-strain model includes the representation
of elasticity and viscoelasticity one- and three-dimensional, a cure-dependent variable and shrinkage following
the curing reaction. In [7], the authors formulate a simulation framework for a purely elastic material model
using the Neo-Hooke model and the 21-chain model as examples. The material model developed by Rabearison,
Jochum and Grandidier [ 15] describes the curing of an epoxy using a cure kinetics model of the Kamal-Sourour
type extended by an additional term for diffusion effects. The experimental investigations include mainly DSC
experiments under constant temperature or constant heating. An approach similar to the diffusion-controlled
part of an epoxy’s curing reaction may be used to describe the polyurethane’s curing through humidity. In [13],
Mahnken developes a material model for viscoelasticity at large deformations considering curing, for which
the author then demonstrates thermodynamic consistency for typical load cases. The volumetric changes are
split into an effective part stemming from mechanical loading, a thermal part from changes in temperature and
a chemical part from the curing reaction. This distinction, except the mechanical part, will be implemented
into the polyurethane material model as well. The application of density measurements using Archimedes’
principle and the subsequent identification of a cure kinetics model of the Kamal-Sourour type for epoxy resin
using only density measurement data is described by Leistner et al. [8]. In another publication, Leistner et al. [9]
examined the Kamal-Sourour model and an extension for diffusion-controlled curing proposed by Fournier
et al. [4] concerning the correlation between different parameters and the over-parametrization of material
models. The models are subsequently modified and used in studies regarding the stability of the ODE and
convergence using first-, second- and third-order integration schemes and a wide range of constant timesteps.
These studies are of particular interest to us and may be applied to the cure kinetics model proposed in Sect. 3
in the future.

2 Experimental observations

To be able to predict the material behavior under various conditions like thermal or mechanical loadings, it
is not necessary to observe the behavior under exactly the same circumstances, but rather choose significant
experiments as cornerstones for the material model. For the material at hand, the behavior can be split into
a predominantly mechanical and a predominantly thermochemical part, each of which may be investigated
individually. The relevant material parameters for the mechanical part of the model have been identified as the
elastic Yeoh parameters cig, c20 and c3p [21] and the viscoelastic parameters T and p, which constitute the
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dashpot’s viscosity and the spring’s stiffness in a rheological Maxwell element [11]. For the thermochemical
part, there are the curing reaction enthalpy and the thermal expansion coefficients, the specific heat capacity and
the thermal diffusivity and conductivity, respectively. Through cleverly chosen test conditions, the experimental
costs can be kept to a minimum. The resulting parameters are collected in Tables 1 and 2. The first step is
the examination of the curing reaction itself, which may depend on temperature and humidity. Most material
parameters need to be identified for the uncured and the fully cured material separately. Furthermore, the
correlation between these parameters and the degree of curing has to be identified also. In the following
section, the different experiments will be described in detail.

2.1 Curing

To define the state of the material related to the curing reaction, the degree of curing is introduced as an internal
state variable. It is symbolized by the letter ¢ and ranges from zero for the uncured material to one for the fully
cured material. Since the degree of curing significantly affects not only the thermal, but also the mechanical
material behavior, it will be identified first. The chemical reaction that describes the transition from fluid to
solid is the forming of a urea network through the reaction of amine groups with isocyanate under the release
of carbon dioxide. Elevated temperatures accelerate this process. The curing reaction is investigated using
differential scanning calorimetry, which allows us to quantify the difference in enthalpy between a specimen
and a reference that are exposed to the same temperature program. Phase transitions like crystallization and
melting as well as the glass transition can be observed as exothermal or endothermal processes in the specific
enthalpy rate signal. For the purpose of examining the reaction enthalpy of curing, the specimen is exposed

Table 1 Material parameters gained from the caloric experiments

Parameter Symbol Experiment Value

Glass transition temperature (¢ = 0, previous cooling rate —10 K min~!) Tgo DSC —-72°C

Glass transition temperature (g = 1, previous cooling rate —10 K min~!) T DSC, TMA —66°C

Linear thermal expansion coefficient (T > Ty, g = 0) o Archimedes 19.8 x 107K !
Linear thermal expansion coefficient (T < Ty, ¢ =0...1) oy TMA 6.55 x 1079 K~!
Linear thermal expansion coefficient (T > Ty, g = 1) o TMA 128 x 109K ™!
Thermal conductivity (g = 1) K HotDisk 0.24Wm ' K™!
Specific heat capacity at constant pressure (g = 0) Cpo DSC 1557 g7 1K1
Specific heat capacity at constant pressure (¢ = 1) Cpl DSC 042) g1 K™!

Table 2 Material parameters gained from the mechanical experiments

Parameter Symbol Value
Equilibrium spring stiffness parameters identified at 20 °C c10 169.1 x 1073 MPa

20 16.5 x 1073 MPa

30 17.7 x 107° MPa
Maxwell spring stiffness parameters identified at 20 °C "1 0.10MPa

w2 0.70 MPa

w3 0.17 MPa

m 0.12MPa

s 0.15MPa

"6 1.20 MPa

w7 0.18 MPa
Maxwell dashpot relaxation time parameters identified at 20 °C 71 3.88s

[9) 30.00s

7 1.13 x 103

T4 1.16 x 10%s

5 1.00 x 108 s

T6 1.00 x 10'%s

7 1.01 x 1025
WLF parameters |41 6.2216

W> 221.9566 K
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Fig. 1 DSC measurement curves from the curing cycle with different heating rates

to a three-part temperature program under a protective gas atmosphere. In the first cycle, the curing cycle, the
temperature is increased linearly from room temperature up to the maximum temperature of 200 °C. To ensure
that the curing finished completely within the first cycle and that no degradation of the material happens, the
second and third cycles are validation cycles, where the specimen is first cooled down to —110°C with a
constant cooling rate and subsequently heated up to 200 °C again. If the signals of the two validation cycles
show no exothermal curing peak and are otherwise identical as well, it is proven that the curing cycle contains
the complete curing reaction and can be used to determine the reaction enthalpy. The experiment is repeated
with different constant heating rates in the curing cycle, see Fig. 1. The exothermal reaction peak is separated
from the specific enthalpy rate signal of the curing cycle conforming to standards [2] (Fig. 2) and used to
compute the degree of curing g following Eq. 1, where H is the specific enthalpy and Hio is the specific
enthalpy of the whole curing reaction. The simulation model and parameter fitting for the curing reaction are
described in Sect. 3.

1 dH

1 Hiorar dt

For the experiments on fully cured material, the adhesive is cured under defined temperature and humidity
conditions in the form of plates or tensile specimens. To examine the effect of the curing temperature on
the mechanical properties, 23 °C, 90 °C and 130 °C are chosen as curing temperatures. Furthermore, for the
investigation of the diffusion-driven humidity curing, material is cured at 23 °C under 30, 50 and 70% relative
humidity. These investigations will be examined in the next publication.

ey

2.2 Caloric behavior

The thermal deformation behavior can be divided into three parts: The first is the thermal deformation of the
completely uncured material, the second of the fully cured material and the third concerns the whole spectrum in
between. Furthermore, the different states of the material above and below the glass transition temperature (1)
must be taken into consideration. Therefore, the thermal expansion coefficient needs to be identified for fully
cured material below T as oy, which will be valid for the uncured material as well since the thermal expansion
coefficient is said to be independent of the degree of curing in the glassy state, and above the T}, for the uncured
as oo and the fully cured material as a2, respectively. Identifying the thermal expansion coefficient for the fully
cured material, which is basically an elastomer, can be carried out via thermomechanical analysis (TMA). A
small specimen is subjected to a temperature program while its length is measured and used to compute the
linear thermal expansion coefficients. The temperature program spans a range from —100 to 100 °C, so the
coefficients both above and below the glass transition can be identified with just one experiment, see Fig. 3.
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Fig. 2 Exothermal reaction peaks separated from the DSC measuring curves

TMA may not be used with the uncured material since its soft, paste-like texture would not withstand even
the probe’s small contact force, and hence, a different experimental setup is needed to measure the thermal
deformation. Using a fluid with a well-known density over a wide temperature range and assuming constant
mass, it is possible to measure the density and volume changes as shown in Fig. 4. Archimedes’ principle is
based on the changing buoyancy of the sample brought on by volumetric expansion, as can be seen in Eq. 2,
where 0 is the temperature, ps and pr are the specimen and fluid densities, and mg, and mg are the specimen
masses in air and submerged in the fluid. The manufacturer specifies the curing shrinkage as 5%.
Mga
ps(0) = ————— - pr(0) 2
msa — msf(0)

The volumetric thermal expansion coefficient can be computed from the density, which may be converted into
the linear coefficient, provided that the material is isotropic, following Eq. 3.

PsO — Psl
os1 - (81 — o)

Following the DSC experiments conducted to quantify the curing reaction enthalpy, the specific heat capacity
for the cured and the uncured material can be gained from similar measurements. Using the HotDisk method,
where the cured material is locally exposed to a defined calorific output while the temperature on the specimen
surface is measured by a resistance thermometer, we get the thermal conductivity «.

3

Oyol = 3 - Qljjn =

2.3 Mechanical behavior

When characterizing the mechanical behavior of a viscoelastic material, the hyperelastic parameters and the
viscoelastic parameters can be investigated separately. To see purely hyperelastic behavior under static loading,
we would have to conduct a relaxation test with an infinite relaxation period. The multi-step relaxation test
consists of several loading steps with finite relaxation periods in between, and the same number of unloading
steps, also with relaxation periods in between. There is a corresponding relaxation point on loading and
unloading at the same engineering strain each step. In theory, given enough relaxation time on each step these
corresponding points would meet on the so-called equilibrium stress—strain curve, so we gain the equilibrium
curve by interpolation. Figure 5 shows the experimental curve as well as the interpolated equilibrium curve
with the stress given as the first Piola—Kirchhoff or engineering stress (1. PK). For the viscoelastic parameters,
a second relaxation experiment is conducted with impulse-like loading. That way, the full relaxation spectrum
may be observed (Fig. 6). The mechanical parameters are fit to a simple generalized Maxwell model. For
information on the whole material model, refer to Sect. 3.
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Fig. 3 TMA measuring curves with the thermal expansion coefficient above and below T;,. The material was cured at 130 °C for

10 min
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Fig. 5 Multi-step tensile relaxation test with interpolated equilibrium curve. The material was fully cured at 130 °C for 10 min

The viscoelastic material behavior also depends on temperature and frequency, which may be investigated
using a dynamic mechanical analysis (DMA). A specimen that was fully cured at 90 °C for 40 min is exposed
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Fig. 6 Relaxation with impulse-like loading. The material was fully cured at 130 °C for 10 min

to cyclic tensile loading at different temperatures from —70 to 130 °C and loading frequencies from 1 to 100
Hz. The small dynamic amplitude guarantees a linear material response. To describe the material behavior over
a larger frequency range, we make use of the so-called time—temperature superposition principle. For ther-
morheologically simple material under small deformations, an experiment at a lower temperature is equivalent
to one at a higher frequency. Thus, the results at frequencies too high or too low to be valid for an experiment
may be generated by using the time—temperature shift [5]. By shifting the curve fragments gained from DMA
experiments at different temperatures along the logarithmic time or frequency axis, the so-called master curve
is generated. An equation to use in material modeling may be fit to this master curve, for example one of the
two main superposition principles: The Williams—Landel-Ferry (WLF) equation (Eq. 4a) and the Arrhenius
equation. The WLF parameters W; and W; define the way the curve fragments are shifted in relation to the
reference temperature with a7 as the so-called shift factor. Though the WLF parameters are said to be constant
parameters independent of the chosen material, this is true only for a small time or frequency range of 1.5-2
decades, otherwise the parameters may differ considerably [5]. The time—temperature shift using the WLF
equation is intended for a temperature range from 7, to T, + 100K [18]. The Arrhenius equation contains
the activation energy Ey which a macromolecule has to overcome to change its place inside the material, and
the universal gas constant R as well as the shift factor. It is usually used for processes far above the glass
transition temperature [14]. When the frequency range exceeds the equations’ range of use, a combination of
both may improve the result [5]. Figure 7 shows that even though the chosen frequency range far exceeds the
WLF equation’s range of use (approximately — 65 to 35 °C), it still produces satisfactory results.

Wi - (9 - Qref)
1 = — 4
oear Wa + (0 — Oret) ()

The identified parameters for completely cured material at room temperature are summarized in Table 2.

3 Modeling and identification

For the development of a simplified material model, a common approach is the combination of rheological
elements. The linear one-dimensional material model shown in Fig. 8 can be separated into a thermome-
chanical part (left) and a thermochemical part (right). The thermomechanical part consists of the equilibrium
spring connected in parallel with seven Maxwell elements, each of which is made up of one spring and one
dashpot connected in series. The thermochemical part consists of two expansion elements to account for the
thermal expansion and the chemical shrinkage. The deformation contributions of the thermochemical part are
purely volumetric and only consider changes in temperature and degree of curing. They may be neglected
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Fig. 7 Shift factor used in the measurement data and shift factor fit with the WLF equation

when identifying the mechanical parameters under isothermal conditions for the completely cured material.
Consistent with the hyperelastic deformation behavior observed in the multi-step relaxation test in Fig. 5 at
higher strains, the equilibrium spring is modeled using a hypoelastic formulation of the Yeoh model valid for
uniaxial stress processes for mechanically incompressible materials (Eq. 5), so that the equilibrium stiffness
can evolve stress-free with the degree of curing [6]. The parameters c19(q), c20(g) and c30(g) are the Yeoh
model’s equivalent of the elastic modulus, A is the stretch and Teq the equilibrium stress. The Maxwell elements
are each characterized by the elastic spring’s stiffness p and the relaxation time t (g, ). The inelastic stretch
Ain for each Maxwell element is computed according to Eq. 6a, where the exponent n denotes the solution at the
time t,,, the exponent n 4 1 at the time #,1 1, respectively. That approach has already been proposed by Shutov,
Landgraf and IThlemann [16], who derive the relationship for the inelastic stretch under uniaxial loading shown
in equation 6a from the formulation of the right Cauchy—Green strain tensor C, which leads to the implicit
solution in one step. Using the inelastic stretch the non-equilibrium stress Tneq is computed for each Maxwell

element (Eq. 6b). The total stress T is the sum of the equilibrium stress and the non-equilibrium stress of each
Maxwell element, as can be seen in Eq. 6¢c. The parameters were fit using the MATLAB standard functions
Isqnonlin (least squares) and ga (genetic algorithm). The identified parameters for the thermomechanical part
of the model (elastic parameters cg, 20 and ¢3¢ and the Maxwell spring stiffnesses p; and dashpot relaxation
times t;) at 20 °C for the fully cured material are available in Table 2.

Ta=2(2 o= ) 43 i Yo (6222 23\ (- 2
eq = c20(q) Y + 3c30(q) —2 +X_ -3

+2[cr0@) +200(@) (12 +2 =3 ) +3 ()/\2+2—32 i+2i
c10(q 620(61< X ) 63061< X ) ( F)

1
2dt)2 1 2t \?\ ° 2dt)2
)”?n—H = ’ (()‘inn)2 + ) <_n + —> (()"inn)2 + ) (6a)
T(q’e) )\in )\T(C],Q) T(Q»Q)
" )\' }\‘:'ln+1
Theq = 14 5T T2 (6b)
n+1 A
(45)
7
T=Tq+ Y Tneqm (6¢)
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Fig. 9 Relaxation experiments at different temperatures used to fit the WLF parameters

The parameters fit to one relaxation experiment can be used to simulate the viscoelastic behavior at different
temperatures as well, using the time—temperature shift according to Eq. 4a. The Maxwell elements’ relaxation
times 7; are multiplied by the shift factor at as can be seen in Eq. 7. Figure 9 shows the curve fitting results
using the parameters summarized in Table 2.

7;(0) = 1 (bref) - ar @)

The specific enthalpy rate shown in the DSC curves (Fig. 2) does not show one distinctive reaction peak,
but rather a blunt peak with a plateau that may be interpreted as a second peak. A curve shaped like this
can be better described using a two-stage evolution equation. As a modeling approach, we assume there are
two reactions which happen one after the other, with the material passing through an intermediate state when
transitioning from fluid to solid. The evolution of the specific enthalpy rate 4 is modeled using two coupled
evolution equations as proposed in [20]. The equations for the two partial degrees of curing g1 and gp; are
modified differential equations of the Kamal-Sourour type (Eqgs. 8a and 8b) containing Arrhenius terms k;
(Eq. 8c). In the standard Kamal-Sourour model, the sum of the exponents i and n determines the reaction order.
The Arrhenius terms include the pre-exponential factors A;, the universal gas constant R and the activation
energies E,; of the physically motivated model. The parameters do not retain their physical meaning as part
of the two-stage evolution equation. The results are subsequently used to compute the specific enthalpy rate &
by multiplying each partial degree of curing with an enthalpy ratio following Eq. 8d, where H; corresponds
to the reaction enthalpy of the first partial reaction and Hj; corresponds to the total reaction enthalpy.
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Fig. 10 Measurement curves and fitting curves of the specific enthalpy rate under different temperature rates over time
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Fig. 11 Measurement curves and fitting curves of the specific enthalpy rate under different temperature rates over temperature

Gp1 = (ki + k2 - (gp1 — gp2)™"1 - (1 — g™ (8a)
Gp2 = [k3 + k4 - gp2"*1 - (gp1 — qp2)™ (8b)
,@.(l,i)
ki=A;-e R \0 & (8¢)
h=H (Hl ; +(1 Hl) ; ) (8d)
= 12\ 7 1 - ] 2
Hi» r Hi; v

Figures 10 and 11 show the results of the parameter fitting. Both the self-acceleration effect and the deceleration
effect when the reaction nears its end are well described. The parameters describing the curing reaction are
listed in Table 3.

It is clear that the curing of the material and the subsequent transition from fluid to solid must also have an
influence on its stiffness and viscosity. In a first approach, we assume the dependence to be linear as can be

seen in Eqgs. 9a and 9b. c?0= ! are the Yeoh parameters of the fully cured material. Since it is a viscous fluid in
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Table 3 Material parameters for modeling the curing reaction

Parameter Value

Al 3.3 x 107051
A 7.6 x 1073571
A3 2.1 x1077s7!
As 1.5 x 107651
Eal 9.4 x 10*J mol ™!
En 4.9 x 10*J mol™!
Eq 3.1 x 10* T mol~!
Eu 9.7 x 10*J mol~!
mi 0.6

my 2.6

ni 1.3

ny 1.7

Hi —127g7!

Hi» —8.27J gfl

its uncured state, the material is assumed to have no equilibrium stiffness. The relaxation times of the Maxwell
elements need to be identified for the uncured (rl-q:O) and the fully cured material (rl.qzl ).

=1
cio =q - cjg (9a)

g=0" 0-g+t" ¢ (b)

4 Summary and outlook

The investigated polyurethane adhesive’s special characteristic is its curing mechanism. It can cure either
through temperature or through humidity, and one can affect the other as well. In Sect. 2.1, we introduced
an approach to investigate the temperature curing through DSC experiments. While this approach is suffi-
cient for a material that cures solely through temperature and we may describe the material behavior under
conditions that exclude humidity curing quite well, additional experiments are necessary to analyze the humid-
ity curing mechanism and the interactions between the two mechanisms. The mechanical properties of the
fully temperature-cured material have been investigated extensively, the elastic, viscoelastic and temperature-
dependent properties have been identified. The influences of the different curing mechanisms on the fully cured
material need to be examined more closely once the full curing spectrum has been analyzed. Moreover, the
dependence of the viscoelastic material properties on the degree of curing and the assumption made in Sect. 3
needs to be examined and validated by rheological experiments.

In conclusion, the approach outlined here already gives some insight into the experimental characterization
of an adhesive with a complicated curing mechanism, but it is only the first step on the way to a material model
that will be able to reproduce the material behavior in all stages of curing including the dependence on
temperature, humidity and time. In the future, the uniaxial rheological model developed in this paper will be
generalized to finite deformations and three-dimensional loadings.
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the research project from which this paper resulted.
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