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Cold-curing adhesives, characterized by an unsteady curing degree, present various advantages for
assembling large scale structures set up under outdoor conditions. Thus various applications can be
found in aerospace and automotive industries where structures are affected by thermal and mechanical
loads. Hence, the curing state of the adhesive must be known to evaluate the lifetime of such bonded
structures. The evolution of the polymerization of the adhesive Hysol EA-9321 during the curing process
was examined in this paper. To that end, the curing degree of the adhesive was experimentally and
analytically investigated for different curing cycles with a view to a potential application in the aerospace

domain, where structures are assembled at low temperatures. Existing dynamic and isothermal curing
models were applied to simulate the curing behavior of the adhesive. Then, an FEM model was
developed to simulate the process of adhesive curing by taking into account a thermo-kinetic coupling.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Structural adhesive bonding is well-established in the aerospace,
automotive and aircraft industries. In this study, we will focus on the
application of structural adhesives in the aerospace industry. Here,
epoxy adhesives are used in the assembly stage of large scale stru-
ctures, for instance on the bonded structure of Ariane 5 SYLDA, in
addition to more conservative assembling methods such as bolting or
riveting. This adhesive enabled the launcher to carry a second satellite
inside the fairing. Due to its size, structures were erected and set up
under outdoor conditions and the use of cold-curing adhesives, such
as the adhesive Hysol EA-9321 [1], was one alternative for controlling
the curing process. These kinds of epoxy adhesives are sensitive to
their curing environmental conditions. Low-temperature curing leads
to incompletely cured systems and therefore the development of full
physical and mechanical properties is greatly decelerated. The mech-
anical properties of a cold-curing adhesive depend on the curing
degree achieved at the end of the curing process. Thus, the determi-
nation of the curing cycle is one of the important factors to be
considered in order to predict the lifetime of such bonded structures.

The curing process of a cold-curing adhesive such as Hysol EA-
9321 is analyzed by solving the energy equation [2]:

oT . P)
PCrop=VaVT)+e, . with g = pAH,ai;‘ 1)
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where p is the density of the adhesive, C, the specific heat, 4 the
conductivity of the adhesive, T the temperature, H, the total heat of
the polymerization reaction and « is the degree of cure. &, is the
heat flux produced by the polymerization reaction.

There are several models to describe the change in thermal
properties over the curing. Regarding the specific heat capacity, an
approach comes from Balvers [3], who defined the specific heat cap-
acity by a hyperbolic function depending on the temperature and on
the glass transition temperature. A second approach was found by
Johnston et al. [4] and defined that in the solid phase the heat capacity
is only dependent on temperature. In the rubbery phase, the behavior
is also dependent on the curing degree. A third approach used a rule of
mixture definition [5-7]. In the same way, there are several app-
roaches to predict thermal conductivity. Skordos et al. [8] defined it as
a polynomial function of temperature and curing degree. Chern et al.
[9] defined the thermal conductivity by a temperature dependent
fourth order polynomial. Another approach consists in using a simple
rule of mixture [10,11]. In this paper, the modification of the specific
heat and thermal conductivity during curing was described by
considering the chemical blend as a perfect mixture of resin and
hardener weighted by the curing state « [10,11], i.e according to a
simple rule of mixtures, as shown in Egs. (2) and (3) [5-7]. The validity
of this assumption will be discussed later in the paper. There are some
ways to quantify these material properties. The specific heat capacity
can be experimentally determined, using a Differential Scanning
Calorimetry (DSC) analysis, by comparing the heat flow released by
the sample to those of a calibration standard of known specific heat
[11]. The thermal conductivity is investigated through the Transient


www.sciencedirect.com/science/journal/01437496
www.elsevier.com/locate/ijadhadh
http://dx.doi.org/10.1016/j.ijadhadh.2015.03.005
http://dx.doi.org/10.1016/j.ijadhadh.2015.03.005
http://dx.doi.org/10.1016/j.ijadhadh.2015.03.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2015.03.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2015.03.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2015.03.005&domain=pdf
mailto:Romain.Creachcadec@ensta-bretagne.fr
http://dx.doi.org/10.1016/j.ijadhadh.2015.03.005

32 0. Devaux et al. / International Journal of Adhesion & Adhesives 60 (2015) 31-46

Plane Source method (TPS) [5,6,11,12].
Cp(a, T=(1- a)Cp(O, T) +an(amax, T) 2)

Ma, T)=(1—a)A0, T)+al(amax, T) 3)

By considering the energy equation, it appears that the curing degree
is a key parameter for the curing process study.

Generally, improvement of the adhesive properties depends on
the formation of the cross linked molecular network, which is
often influenced by the mechanisms and the kinetics of various
chemical reactions. Therefore, understanding the curing process of
the adhesive is essential in order to obtain better control of the
cure reactions and consequently to optimize the properties of the
final form of the adhesive.

In a bonded assembly, a non-linear increase in internal tem-
perature profiles is induced by the exothermic chemical reaction
and the amount of heating power supplied to the assembly
structures. Hence, non-uniform curing leads to an incomplete cure
and may affect adhesive properties. Thus, FE simulations are
investigated to predict the temperature distribution and cure
behavior of the adhesive Hysol EA-9321 in any location of the
bonded area

During the curing process, the curing degree and the glass
transition temperature evolve in the same way as the crosslinking
progresses. The glass transition of the adhesive increases until a
temperature at which the system reaches a glassy state and
vitrifies. This process is dependent on curing temperature and
curing time [13,14]. At low temperature (below the glass transi-
tion), the development of the glass transition temperature is
slowed and achieves a low value: this reaction is diffusion
controlled. In this paper, analysis is made at low curing tempera-
ture, i.e. under the glass transition temperature.

2. Kinetic analysis of the adhesive Hysol EA-9321
2.1. Material, experimental setup and curing conditions

The material object of this study was Hysol EA-9321 adhesive
from Henkel, a two component thixotropic, solvent-free epoxy
based resin. The adhesive is prepared using a mixing ratio of 2:1
by weight of the respective constituents (resin and hardener).
According to the manufacturer's data sheets, a specimen cured for
1 h at 82 °C is completely cured (curing degree a=1). The glass
transition corresponding to this cycle is 109 °C. In addition, the
manufacturer specifies a glass transition temperature of 88 °C for
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specimens cured for 5-7 days at 25 °C. A kinetic analysis such as
the one presented in Section 2.2 for an isothermal temperature of
25 °C gives a curing degree of 0.4.

The heat released during the curing reaction was detected by
using a heat-flux differential scanning calorimeter (DSC 20 Mettler
TOLEDO TA3000) [15] connected to a thermal analyzer. This
calorimeter is made of two steel pans. One of these is empty and
the other contains a sample weighing between 5 and 10 mg.

At first, dynamic and isothermal scans were carried out to
determine the kinetic parameters of each one. Then, both kinds of
scans were conducted to simulate a few steps curing cycles.

Dynamic scans were led in the temperature range of 25-200 °C
at constant heating rates of 5, 10, 15 and 20 °C/min. Isothermal
scans were run at temperatures ranging from 25 to 100 °C.
Equilibrium at the target isothermal temperature was reached in
the sample holder with a rate of 20 °C/min. This rate was chosen as
sufficiently fast to prevent the reaction between resin and hard-
ener before the start of the isothermal scan. Coupled scans were
made in the same way as previously, i.e. a dynamic scan was
conducted until the required isothermal temperature, and then a
second dynamic scan was conducted until the second required
isothermal temperature.

For each scan, a second heating run on the same sample under
the same conditions was carried out in order to define the baseline
along which the curve heat flow vs. time is integrated.

2.2. Kinetic analysis of experimental results

The DSC curves in dynamic analysis are shown in Fig. 1. The
shape of the exotherm was heating dependent. The value of the
total heat released was determined by integrating heat flow vs.
time under the exotherm. This heat of reaction AH7, was indepen-
dent of the heating rate (Table 1).

Fig. 2 shows the curing rate vs. time for isothermal scans. The
maximum heat flow is reached faster for high curing tempera-
tures, due to the acceleration of the reaction between resin and
hardener. Table 2 presents the heat of reaction released during
isothermal scanning. AHso is calculated by integrating the area
under the heat flow vs. time curves, defined as previously.

The heat flux measured by the DSC-system can be written in
terms of enthalpy as:
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Fig. 1. Dynamic scanning: heat flow at different heating rates as function of (a) time and (b) temperature.
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The application of Eq. (1), results in:

da_ 1 (dH
dt ~ AHp\ dt ],
where AH7 is the total heat of reaction calculated during dynamic

scans and (dH/dt),, the heat flow at time t measured by DSC
isothermal scans. Hence, the curing degree a can be written as

follows:
. trdH
with AHt:/O (E>t

where AHt is the heat of reaction released during isothermal scan
at time t.

In this way, intermediate curing states of the adhesive as a
function of time over isothermal temperatures were determined.
This is plotted in Fig. 3.

For each isothermal temperature, the curing degree increases until
a plateau. At high temperatures, the plateau is reached after few
minutes: 100% curing requires 46 min at 82 °C. At low temperature
curing, the plateau is delayed: 38% is attained after 4 h and 25 min at
35 °C. Higher temperatures accelerate the reaction between resin and
hardener. Hence, the plateau is quickly reached for high-curing tem-
peratures.
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2.3. Kinetic modeling and discussion

The curing kinetics could be approached in two ways: either
phenomenological [16] or mechanistic models [17-19]. Phenomeno-
logical models are based on an empirical relation between reaction
kinetics. The mechanistic approach was made from the balance of rea-
ctive species involved in the chemical reaction. Since the chemical
composition of the adhesive constituents is unknown, phenomenolo-
gical models were preferred to study the cure kinetics of the adhesive.
These models were based on dynamic and isothermal approaches. The
former describes the curing for a non-zero curing rate whereas the
latter is used for isothermal loadings. Hence, both issues need to be

investigated to predict properly any curing cycle which is a combina-
tion of dynamic and isothermal scans.

2.3.1. Dynamic modeling
An empirical model relating the curing rate, da/dt, to a function
of the curing degree, a, for epoxies has the following expression:

da
= Kf (o)

()
where k is the time-dependent reaction rate, following Arrhenius
law [20]:

k= Ae 7t (8

where A (s~!) is the pre-exponential factor, E, (J/mol) is the
activation energy, R (8.314 J/mol K) is the universal gas constant
and T (K) the temperature.

According to the previous curves, an autocatalytic model was
suggested [21]:

f@=a"1-a)"

where n and m are the reaction orders.

The kinetic parameters E, A, m and n were determined by
fitting the experimental results to the autocatalytic model with the
Kissinger [22] and Ozawa [23] methods.

A similar definition of the curing rate was obtained by defining
a modified pre-exponential factor as:

(i),

apm(l —ap)n

(C)]

Ar=CrA=Cy. (10)
where Cy is the correction factor of A, K a parameter coming from
the Kissinger method [19]. The terms (da/dT), and q, are the
derivative of degree of cure to temperature and curing degree at
the exothermic peak, respectively. Substituting k in Eq. (7) by
Egs. (8) and (9) and Ay in Eq. (8) by Eq. (10) results in the rate

Table 2
I[sothermal scanning results.
Table 1
Total heat of reaction at different heating rates. Parameter Teure (°C)
Parameter dT/dt (°C/min) 35 45 60 70 82
5 10 15 20 AHso (J/8) 130.73 202.07 240.03 310.03 341.18
a(-) 0.38 0.59 0.70 0.91 1.0
AHr (J/g) 3341 351.03 326.66 3531 t 4h25 3h33 2h40 1h30 46 min
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Fig. 2. Curing rate at different isothermal temperatures: (a) low-curing temperatures and (b) high-curing temperatures.
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equation:

K (da
da e (*) E
d/p s.e ’.aM(1—a)"

dat— f.apm(‘l—ap) an

For both models, a non-linear least-square regression based on
the Levenberg-Marquardt algorithm [24] was used to determine
the parameters m, n and C. Table 3 shows its estimation. Then, Eq.
(11) is numerically solved by using the fourth-order Runge-Kutta
method [25]. A time-step size of 1 s was used to reach numerical
convergence.

experimental results. However, in Fig. 4(a), curves predicted by the
modified autocatalytic model in the peak area are closer to
experimental results. Hence, the modified autocatalytic model is
preferred to model dynamic scans because of its reliability and its
accuracy compared to the empirical model.

2.3.2. Isothermal modeling
The isothermal curing behavior of an adhesive is written as a
function of its curing degree:

Fig. 4 shows the results for the different heating rates for both da @ 12)
models. The curves predicted by both models also correlate the dt =8
a b
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Fig. 3. Curing degree vs. time for isothermal temperatures.
Table 3
Kinetic parameters from a dynamic model.
Model Parameter dT/dt (°C/min)
5 10 15 20
Kissinger and Ozawa Ea (kJ/mol) 60.03 60.03 60.03 60.03
A(s™h) 1.77 x 10° 1.77 x 10° 1.77 x 10° 1.77 x 10°
m 0.16 0.21 0.23 0.29
n 154 151 1.41 1.63
Modified model G 0.97 1.06 1.05 0.98
a b
000 TS5 Cmin ' T+ 5°Cmin
x 10°C/min 09 4 x 10°C'mmn
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Fig. 4. Comparison of experimental and autocatalytic model results: (a) curing rate vs. temperature and (b) curing degree vs. temperature.
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Some models were used to describe this process. The simplest
model corresponds to an n-th order kinetic expression as follows:

gla)=k(1—a)" (13)

where n is the reaction order and k, the rate constant given by
Arrhenius law defined previously.

Another kinetic expression was proposed by Horie [26] as the
following equation:

g(a) = (k1 +koa)(1 — ) (14

where k; and k, are the kinetic rate constants:

Ea;
k,‘:AiE_R—Tl i=1,2 (15)

where A; (s') is the pre-exponential factor, E; (J/mol) is the
activation energy, R (8.314 J/mol K) is the universal gas constant
and T (K) the temperature.

Kamal and Sourour [27,28] extended the previous model using
two additional empirical power law exponents m and n in addition
to the constants k; and ky. Thus, Eq. (14) becomes:

gla)= (ky +kza™)(1—a)" (16)

Approaching the glass transition temperature, the chains formed
induced a decrease in the movement of the reactive species. In
such cases, the reaction rate was decelerated and the further
reaction became diffusion controlled. To take into account this
phenomenon, Chern and Phoehlein [29] proposed another defini-
tion of the reaction rate by adding a diffusion factor to the kinetic
model g(a):

E T -
dt diffusion 1+eCla—a)

where (1/14eC@-2)) is the diffusion control factor, C is an
empirical constant which is temperature dependent and a. is the
critical curing degree at which diffusion initiates. g(«) is the kinetic
expression of the previous models.

In order to evaluate the kinetic parameters appearing in each
equation, the following procedure was followed. At first, the diffusion-
controlled phenomena was ignored in order to determine which
kinetic model best described the curing process of the adhesive. The
parameters were determined using a non-linear least square regres-
sion analysis [23] and each curing rate equation was solved with the
fourth-order Runge-Kutta method [24]. Then, kinetic parameters of
the chosen model were determined by taking the diffusion into
account. On one hand, the initial parameters and the diffusion

a7
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parameters were defined separately by using two non-linear least
square regressions. On the other hand, the parameters were deter-
mined using only one regression. The first method was preferred
because of accuracy of the results. For all simulations, the time step
taken was sufficiently small (time step of 15s) to reach the Runge
Kutta-method convergence.

Figs. 5 and 6 show the results for the three models defined
previously without taking into account the diffusion phenomenon.
The modeling curve using the Kamal and Sourour model correlates
well with the experimental curves compared to those of the other
models.

In Figs. 5(b) and 6(b), a critical value of the curing degree appears
with which the experiment and Kamal and Sourour model no longer
correlate. This gap is due to the diffusion phenomenon. For low curing
temperature, this degree of cure is reached at 40% for 35 °C and
around 60% for 45 °C. Regarding high curing temperature, the value is
70% for 60 °C, 90% for 70 °C and 100% for 82 °C. From there, simu-
lations were made by taking into account the Kamal and Sourour
model by adding the diffusion term:

{da 1 (18)

@) = (thod) (-0 g

Diffusion

Figs. 7 and 8 show the correlation between experimental and
simulation curves. The simulation curves were based on the Kamal
and Sourour model with and without diffusion. The difference
between these models is primarily seen on the curing degree vs.
time curves (Figs. 7(b) and 8(b)). In the late stage of curing
reaction, the effect of diffusion on the curing rate is apparent,
especially at low isothermal curing temperatures. The isothermal
maximum degree of cure goes from 0.55 to 0.38 for a curing
temperature of 35 °C and from 0.7 to 0.6 for a curing temperature
of 45 °C (Fig. 7(b)). It ranges from 0.86 to 0.70 for an isothermal
temperature of 60 °C, from 0.95 to 0.92 for an isothermal tem-
perature of 70 °C. Experimental results were accurately simulated
by the Kamal and Sourour model with diffusion.

Table 4 shows the kinetic parameters identified with the non-
linear least square regression analysis. The values of several para-
meters can be related to the temperature. The rate constants k; and k;
increase with the curing temperature. These quantities are related to
the temperature using Arrhenius law (Eq. (15)). The reaction order n
decreased with increased temperature. The critical curing degree
increased with isothermal temperature. Thus, the curing behavior of
the adhesive Hysol EA-9321 depends only on the temperature.
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Fig. 5. Comparison of experimental and isothermal model results for low-curing temperature: (a) curing rate vs. curing degree and (b) curing degree vs. time.
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Fig. 6. Comparison of experimental and isothermal model results for high-curing temperature: (a) curing rate vs. curing degree and (b) curing degree vs. time.
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Fig. 7. Comparison of experimental and isothermal model results with diffusion for low-curing temperature: (a) curing rate vs. curing degree and (b) curing degree vs. time.
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2.3.3. Discussion

As previously studied, the curing behavior of the adhesive Hysol
EA-9321 can be described through dynamic and isothermal app-
roaches. Regarding the isothermal model, the curing behavior is
temperature dependent. Hence, this model is known for a wide range
of temperatures. Dynamic scans can be considered as a series of
isothermal heating with a period of one second. Thus, we can assume
that the isothermal model can be used to model dynamic heating.

In order to validate this assumption, experimental dynamic results
were simulated with the isothermal model described previously. This
model was modified to take into account the global behavior of the
adhesive Hysol EA-9321, i.e at a series of isothermal temperatures.
Table 5 shows the kinetic parameters used to model the dynamic
scans. The parameters m and n were approximated by an average
value independent of the temperature. The critical curing degree
evolved linearly with temperature until the glass transition tem-
perature.

Fig. 9 shows that the curves predicted by the isothermal model
correlate well with those of experimental dynamic scans. The slight
delay caused by the isothermal model (Fig. 9(b)) seems acceptable
regarding the fast heating rates. The kinetic parameters identified and
the consideration of dynamic scans as a series of isothermal tempera-
tures are validated.

Table 4
Kinetic parameters from isothermal Kamal and Sourour model with diffusion.

3. Finite element simulation of the polymerization of the
adhesive Hysol EA-9321

Considering the kinetic analysis, the cure modeling of the
adhesive Hysol EA-9321 may be considered as a transient heat-
transfer analysis by taking into account the effect of the adhesive
polymerization reaction. A numerical procedure was proposed and
experimentally verified in this section.

3.1. Solution procedure

The problem can be classified into two categories. On one hand, it
consists in a transient thermal analysis by solving the energy equation.
On the other hand, an evolution law for the curing degree must be
provided.

A procedure is proposed in which a general-purpose FE package is
employed to perform transient heat-transfer analysis and programs
are developed to simulate the cure reaction of the adhesive Hysol
EA-9321. Fig. 10 provides the flow chart of the procedure.

The available pre-processor to the FE package is used to create the
model and to generate the initial input data file for the analysis. Three
user subroutines were developed to take into account problems
generated by the adhesive curing. The subroutine SDVINI was used

Model Parameter T (°C)
35 45 60 70 82
Kamal and Sourour ki (s7h) 1.52x10°6 7.48 x 10~ 226x10°4 2.38x10°° 6.84x10°4
ko (s™1) 8.80 x 1075 218x 1074 414 %1073 121x 1073 1.60x 1073
m 0.0905 0.12 0.311 0.13 0.15
n 1.92 1.8363 1.63 1.38 1.04
Kamal and Sourour diffusion C 38 38 38 38 38
ac 0.36 0.52 0.64 0.84 0.98

Table 5

Cure kinetic coefficients of the Hysol EA-9321 for the Kamal and Sourour model with diffusion.

Parameters
m n A (s7h Ay (s7h) E; (J/mol) E; (J/mol) C ac
0.16 1.56 6.6e—5 4.6e5 2000 6.0e4 38 0.013T-009T<T,
097 T>T,
a b
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Fig. 9. Isothermal modeling of dynamic experimental data: (a) curing rate vs. temperature and (b) curing degree vs. temperature.
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to define the initial values of specific heat C,(0,T) and conductivity
A(0,T). These quantities were experimentally determined according to
the procedure detailed in the next section. The subroutine HETVAL
consisted in determining the heat produced at each Gauss point, by
the reaction of polymerization and the curing degree by solving the
cure kinetic equation of Kamal and Sourour with diffusion (Eq. (18))
with parameters validated in Section 2.3.3. As defined previously,
specific heat and conductivity are related to temperature and curing
degree. Hence, the subroutine USFLD enabled these material para-
meters to be updated at each increment.

3.2. Experiment

In order to validate the previous procedure and to test its
reliability, the curing of an adhesive block was considered. Other
experiments were performed simultaneously in order to deter-
mine values of specific heat and conductivity for uncured and
totally cured adhesive.

3.2.1. Curing of a cylindrical block of adhesive

To determine curing degree evolutions of the adhesive Hysol EA-
9321 under various curing time and temperature conditions, an
experimental procedure was developed. The uncured adhesive was
introduced into a steel tube (h2=43 mm, e=1.2 mm and r=11.3 mm).
The tube was placed vertically on a steel plate (h1=3 mm) to prevent
the adhesive from flowing out (Fig. 11).The whole was then kept in the
oven for several curing cycles (1 h at 100 °C, 3 h at 60 °C). In order to
verify the numerical modeling, temperature profiles inside the adhe-
sive block were recorded throughout the experiment and compared
with the numerical results. Fig. 11(b) illustrates the schematic diagram
of the experimental set-up used to measure the temperature evolution
during the curing process. The thermocouples were placed at different

lrsﬁguine_sﬁvm ______ 1
Initial material N Cp(0.T), 1(0.T) |
g | L Initialize the state variables ]|
___________ l——____L______
rIAbaqug software - |Subroutine USDFLD :
Cp(a.T), A(e. T
| FEM Calculation p(e.T), Mo, T)

| Thermal analysis under
| elastic assumption

|

[ _ g |
| L Update the state variables K
| e

|

| Subroutine HETVAL | : RungeKutta |
|

[ol73 | |
¢r = er v I I aa I
ot 4_|_ a — |l
Heat generated by cure || ot ||
reaction | | |
_________ Yl Ep—

End
t=tcure

Fig. 10. Flow chart for FE procedure of curing process.

a

locations inside the adhesive, points A, B and C in Fig. 11(b), and
connected to a data acquisition system to monitor the temperature
vs. time.

3.2.2. Determination of specific heat and conductivity

Determination of specific heat was accomplished by using Differ-
ential Scanning Calorimetry (DSC). These DSC experiments were
carried out on a Perkin-Elmer DSC-7. The DSC heat flow signal from
the adhesive Hysol EA-9321 was compared to the DSC signal of a
calibration standard of known specific heat. Both curves were
corrected by a baseline correction. This baseline correction was
achieved by measuring heat flow released by an empty sample.
Isothermally, the baseline indicated the differential losses of the two
sample holders at the initial temperature. Determination of G,
according to ASTM E1269 [30] was determined by using a three step
technique. The experiment was conducted with an empty sample
crucible for baseline determination. Then, a measurement with a
sapphire sample crucible was performed for calibration standard. Fin-
ally, heat flow was measured for a sample crucible of cured and
uncured adhesive Hysol EA-9321. The same procedure was used for
the four experiments: an isothermal scan was made for 10 min at
25 °C, a dynamic scan from 25 °C to 150 °C at a heating rate of 10 °C/
min and an isothermal measurement for 10 min at 150 °C was
performed.

To determine the specific heat capacity of the uncured adhe-
sive, the previous procedure was applied directly to the resulting
mixture of the resin and hardener. Concerning the heat capacity of
the cured adhesive, a heating from 25 °C to 150 °C was performed
before applying the previous procedure.

Fig. 12 shows results obtained after testing. Regarding the
uncured adhesive, a change in the slope is observed. It corre-
sponds to the glass transition temperature. The specific heat
capacity of the uncured adhesive was the value calculated before
this point.

The specific heats of cured and uncured adhesive were calcu-
lated as follows:

In a DSC cell, under the previous conditions, the heat flow mea-
sured on the sample side is expressed by the following heat transfer
equation:

dH(T) _dH(T)
dt sample dt baseline

AT sampi
= msamplecp,sample s;:w S (19)

where dH/dt(T)sqmpler AH/AET)paseiine are the heat flow rates of sample
(adhesive Hysol EA-9321), baseline. msgmpie is the mass of the sample
and Tgmple the temperature of the sample.

Thus the experiment with the standard can be written in the
same way:

dH(T)
dt standard

_ dH(T)

detandard
— 2
dt baseline (20)

= Mgtandard Cp,stanclard dt

Steel
+  Thermocouples

¢ m

Fig. 11. (a) Experiment and (b) schematic diagram of the experimental set-up.
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Fig. 12. Heat flow endo up vs. time: (a) uncured adhesive sample and (b) cured adhesive sample.

where dH[dt(T)standara» AH/At(T)paseiine are the heat flow rates of
reference (sapphire), baseline. Mg nqarq is the mass of the reference
and Tgandara the temperature of the sample.

In the previous procedure, the sample and reference are
submitted to the same temperature, hence the same heating rate.
It can be deduced that

dH(T) __dH(T)
C _ Mgtandard ~dt sample dt baseline C 21
p.,sample = dH(T) dH(T) - p,standard ( )

m dH(T) __dH(D)
sample =g standard dt baseline

(dH(T)/dtsgmpie) for the uncured and fully cured adhesive was
chosen as detailed in Fig. 12(a) and (b). For the uncured adhesive,
it is necessary to consider temperatures below the onset of the
polymerization reaction (in our case, for temperatures under
45 °C). The previous kinetic analysis (Section 2.3.1) shows a value
of curing degree below 0.1. It is not surprising since, in this area,
the temperature goes from 25 to 40 °C at a heating rate of 10 °C/
min. This rate is sufficiently high to prevent the adhesive from
curing.

By applying Eq. (21), the specific heats of uncured and cured
adhesive Hysol EA-9321 were related to the temperature as
follows:

C,(0.T) = 1.50+0.002T (] g1 °C’1>

Cp(@max. T) = 0.91+0.004T (J g1 °C’1> (22)

Thermal conductivities of uncured and cured adhesive were taken
from a previous study.

40,T)=0.19 (W m-! K—])

Mamaxs T) = —2.73.10 4T +4.00.10~" (w m-~! 1<*1) 23)

The orders of magnitude of specific heat capacity and thermal con-
ductivity of uncured and cured adhesive are not surprising since
the more the adhesive is cross linked, the easier it is to heat.
Therefore, the specific heat decreases. The heat transfer is more
important, thus, the thermal conductivity increases.

3.3. FE model

In order to understand the curing behavior of the previous
experiment, a two-dimensional FE analysis on an axisymmetric slice
was performed (Fig. 13) by using adequate boundary conditions. Due
to the axial symmetry, the mesh was performed using an 8-node
axisymmetric thermally coupled quadrilateral, biquadratic in displa-
cement and bilinear in temperature (CAX8T elements of the Abaqus

h

Fig. 13. Mesh and boundary conditions.

element library). A mesh with 6 elements in the x-direction and 40
elements in the y-direction was used for the adhesive. A step-time
size of 1's was used to predict accurate results. In this model, a film
convection on the faces of the assembly exposed to the oven
environment modeled the thermal loading, using a heat transfer
coefficient characteristic of forced convective heating. Results are
presented for steel plate and an elastic behavior was assumed for
the adhesive Hysol EA-9321. Table 6 shows the material para-
meters used.

The FE procedure of curing process was firstly applied to one
element (a 4-node plane strain thermally coupled quadrilateral,
bilinear in displacement and temperature). A ramp from 25 °C to
200 °C at a heating rate of 10 °C/min was applied. Then, the curves
curing-rate vs. temperature and curing degree vs. temperature were
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compared with those predicted by the model of Kamal and Sourour
with diffusion (Fig. 9). It appears that the curves predicted by the FE
model correlate well with the curves of the model. This intermediate
step was a way to validate the FE procedure.

After that, the temperature and the degree of cure of the adhesive
during the curing were simulated by using the finite element model
described previously. Then, the former were compared with experi-
mental data. The simulated temperature and degree of cure were
taken at the location of the thermocouple probes used in the
experimental procedure. It was assumed that no thermal perturbation
was generated by the thermocouple.

3.4. Results and discussion

3.4.1. Validity of the model

Fig. 14 shows the temperature and curing degree profiles for
different curing cycles obtained by simulation and experiment in B
location (Fig. 11(a)). The evolution of the curing degree for the
experiment was obtained as follows:

Fig. 14(a) shows the temperature and curing degree profiles for
different curing cycles obtained by simulation and experiment in B
location (Fig. 11(a)). The evolution of the curing degree for
numerical and experimental results was obtained from the evolu-
tion of the temperature inside the adhesive, as follows:

As shown previously in Section 2.3.3, a modified model of Kamal
and Sourour with a dependence on temperature of some parameters
was proposed. Hence, the parameters of this model were known for
the temperature measured during the experiment and for the FEM
numerical model Fig. 14. Then, Eq. (18) was solved using a fourth-
order Runge-Kutta method. This depicted the evolution of the curing
degree vs. time corresponding to the experimental and numerical
temperatures of Fig. 14(a).

The predicted temperature and the curing degree of the
adhesive for each curing cycle (60 °C and 100 °C) were in good

Table 6
Material properties.

Material Steel Hysol EA-9321
Young's Modulus E [MPa] 210 000 2900
Poisson v 0.3 0.36
Density p [kg m~3] 7800 1250
Specific heat C, [J kg~ ' K~'] 0.5 Cp(0,T)=1.50+0.002 T
Col@manT)=0.91+0.004 T
Conductivity 2 [Wm~" K] 25 A(0,T)=0.19
NamawT)= —2.73¢ 4T+ 4.0
a
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agreement with the experimental results. Thus, the validity of the
model was confirmed, as well as the values determined for kinetic
and thermal parameters. Similar results are observed for locations
in A and C (Fig. 11(a)).

There are few temperature and curing degree discrepancies
between experimental and simulation results. These differences
can firstly come from kinetic and thermal parameters. Secondly,
they can be explained by the assumptions considered for the
modeling. Furthermore, the adhesive thickness was supposed to
be constant whereas in reality a shrinkage behavior due to the
curing reaction and thermal expansion can be generated [31]. In
addition, the thermocouples could be displaced from their initial
position during the experiment.

A sensitivity analysis on thermocouple position, kinetic, ther-
mal parameters and the adhesive thickness was performed to
understand better the differences between experimental and
simulation results.

3.4.2. Influence of the thermocouple location

The temperature in the adhesive was experimentally measured
thanks to thermocouples. The latter were placed in the adhesive
cylinder before the curing process. During the curing process, the
adhesive passed from the raw (uncured liquid) to the cured rubbery
and ultimately, to the cured glassy state. At the beginning of curing,
the adhesive is an uncured liquid. Hence, the thermocouple positions
may be affected by the adhesive state during curing.

The experiment was the same as before but the thermocouple was
located in point D (Fig. 15) between points A and B (Fig. 11(a)) in order
to show the influence to get closer to the side wall or to the middle of
the tube. The temperature was experimentally measured and com-
pared to results predicted by simulation. Then, the location of the ther-
mocouple was used as a reference and the temperature and curing
degree were numerically investigated around this reference.

Figs. 16 and 17 show the effect of vertical and horizontal
displacement on the temperature and the curing degree profiles
for a curing at 60 °C.

The temperature and the curing degree were not affected by a
vertical displacement of the thermocouple (Fig. 17). However, radial
displacements were important (Fig. 16). Regarding the temperature,
the difference being essentially the change in the maximum value
reached. For instance, a thermocouple which was 2 mm closer to the
adhesive core from its initial position was responsible for an increase
in maximum temperature of 13 °C. In the same way, a probe which
was 4 mm from its first location caused a reduction of 17 °C in the
peak temperature. This modification had repercussions on the curing

b
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Fig. 14. Comparison of experimental and predicted results: (a) temperature-time history and (b) curing degree-time history.
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degree (Fig. 16(b)). It is not surprising, since the thermal conductivity maximum obtained after 1366 s for a thermocouple below its initial
is lower for the steel tube than the adhesive. Thus, the difference with position by 4 mm.
the temperature applied on external surfaces of the tube is greater in
the adhesive core than close to the side wall. Indeed, a change in the
maximum temperature delayed or accelerated the maximum value 3.4.3. Influence of kinetic parameters
reached by the curing degree. The curing degree reached its maximum The model used to describe the curing behavior of the adhesive
after 1515 s for a probe 2 mm above the first position against a Hysol EA-9321 (Section 2.3.3) came from the assumption that
dynamic scans were a series of isothermal measurements. Hence,
the parameters of this model were an average of parameters of
D Adbesive each isothermal scan. This assumption caused a modification in
the physical properties of input parameters of the kinetic problem
- Steel and can affect the temperature and curing degree profiles result-
+ Thermocouples ing from the energy equation.
A parametric study was carried out on kinetic parameters such as
total heat of reaction AHr, reaction orders m, n, the activation energies
E;, E> and the rate constants k, k. For each simulation, a cure cycle of
three hours at 60 °C was applied. The temperature and curing degree
profiles were simulated at the location of a thermocouple used during
experiments.
Fig. 18 shows the effect of the total cure enthalpy on the
2 | temperature and curing degree profile during curing. This para-
' meter had an important impact on the predicted results, not only
Fig. 15. Location of the thermocouple used for the sensitivity analysis of the for the peak temperature but also for the slopes of these curves. A
thermocouple location. variation of 20% in the total heat of reaction resulted in a change of
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Fig. 16. Effect of the thermocouple location in the horizontal direction on (a) the temperature-time history and (b) the curing degree-time history at the point D(8;10) in the
adhesive.
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about 32 °C in the peak temperature (Fig. 18(a)). Considering this, a
modification in the cure enthalpy delayed or accelerated the time
in which the maximum value of the curing degree was reached: a
delay of 162 s for a 20% decrease in the enthalpy and an accelera-
tion of 319 s for a 20% increase in the total heat of reaction.

The reaction order m and n have very few effects on the
temperature and curing degree profiles (Figs. 19 and 20). In fact, a
variation of 20% in the orders had no impact on the slopes of the
curves and the maximum values reached.

Variations in the rate constants had different impacts on the
simulation results (Figs. 21 and 22). Regarding the first rate constant
A;, a modification caused no effect on the temperature and curing
degree responses. It was not surprising since, in Eq. (18), the first
constant rate had no effect on the curing rate. It was just used to
initialize its value. Contrary to the previous constant, the second rate
constant affected the temperature and curing degree profiles (Fig. 22);
the higher the rate constant, the faster the cure reaction. This was
responsible for a higher slope in the temperature-time response
corresponding to the highest value of the rate constant. It appeared
once the reaction had taken, i.e. at around 60 °C. The state of cure was
changed in time as shown in Fig. 22(b). About 1420 s were necessary
to attain the maximum curing degree for an increase of 20% in the rate
constant A, against 1563 s for the initial reaction rate and 1589 s for a
decrease of 20% in the rate constant.
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The effects of a variation in the activation energies E; and E, on the
temperature-time and curing degree-time profiles appeared in
Figs. 23 and 24. For the same reasons as for the rate constant A;,
Fig. 23 shows that the energy activation E; had no effect on the
temperature and curing degree responses. Regarding the activation
energy E,, Fig. 24 shows that this activation caused a great impact on
the simulation responses. The lower the activation energy, the faster
the cure. Thus, the slopes of the temperature curves (Fig. 24(a)) were
lower for the higher value of activation energy. Furthermore, an
increase in the energy activation value E, increased the time necessary
to obtain the maximum value of the curing degree. About 1420 s were
necessary to attain the maximum curing degree for a decrease of 5% in
the activation energy E, against 2269 s for the initial reaction rate and
936 s for an increase of 5% in the rate constant.

3.44. Influence of thermal parameters

Thermal parameters such as heat capacity and thermal conductiv-
ity were previously related to temperature and curing degree. Hence,
these thermal parameters were also influenced by the modification of
the physical properties of the input parameters. In the same way as
previously, a sensitivity study on these parameters was carried out. A
curing cycle of 60 °C was applied and the temperature at the place of a
thermocouple was simulated.
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Fig. 18. Effect of the total heat of reaction on (a) the temperature-time history and (b) the curing degree-time history at the point D(8;10) in the adhesive.
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Fig. 20. Effect of the reaction order n on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 21. Effect of the rate constant A; on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 22. Effect of the rate constant A, on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.

Fig. 25 shows the influence of the thermal conductivity on the
simulation responses. It appeared that thermal conductivity had
negligible effects.

The specific heat affected the temperature-time and the curing
degree-time histories (Fig. 26). It can be predicted, since, according
to Eq. (1), the specific heat was related to the conduction heat and

the internal heat generated from the cure. An increase in the
specific heat caused a decrease in the maximum temperature
reached and, therefore, delayed the time necessary to attain the
maximum value of the curing degree: for Cp+20%, the maximum
temperature was decreased by around 16 °C and the maximum
curing degree was attained 235 s after the experiment.
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Fig. 23. Effect of the activation energy E; on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 24. Effect of the activation energy E on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 25. Effect of the thermal conductivity on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 26. Effect of the heat capacity on (a) the temperature-time history and on (b) the curing degree-time history at the point D (8;10) in the adhesive.
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Fig. 27. Effect of the adhesive thickness on (a) the temperature-time history and (b) the curing degree-time history at the center of the adhesive.

As shown previously, thermal properties such as specific heat and
thermal conductivity were described using a rule of mixture law.
However, these material properties, particularly the specific heat
capacity, have an influence on the temperature response predicted
by the FEM model (Fig. 26). Fig. 14 shows a good correlation between
experimental and numerical results. Therefore, it seems acceptable to
use such laws.

3.4.5. Thickness effects on cure predictions

The effect of adhesive thickness on temperature and curing
degree responses was studied. The simulation was based on the
same boundary conditions and the same assumptions as pre-
viously. The temperature and the curing degree were taken at the
center of the adhesive to reflect the thermal gradients generated
during curing for several adhesive thicknesses.

Fig. 27 shows that the adhesive thickness generated thermal
gradients during the curing of the adhesive. A decrease in the adhesive
thickness caused a reduction in the maximum temperature reached at
the center of the adhesive and, thus, a decrease in thermal gradients.
The center of the adhesive was submitted to different curing cycles
according to the adhesive thickness. Thus, the curing degree evolved
differently as shown in Fig. 27(b). For instance, for a thickness of
1 mm, the maximum peak temperature was around 76 °C whereas
this peak was of 194 °C for a thickness of 40 mm. It is not surprising
that the maximum curing degree is lower for a thickness of 1 mm

than for a higher thickness considering the thermal gradients gener-
ated during each curing cycle.

It appeared that parameters such as the total heat of the reaction,
the specific heat, the rate constant A, and the activation energy E,
played an important role in the curing process. Considering the
influence on these parameters and the location of the thermocouples
on the temperature-time and the curing degree-time histories, it can
be concluded that the thermo-chemical model proposed accurately
predicts the curing behavior of the adhesive Hysol EA-9321. Indeed,
the discrepancies shown in Fig. 14 are negligible compared with those
created by the sensitivity analysis.

4. Conclusions and perspectives

In this paper, the curing behavior of the adhesive Hysol EA-9321
was experimentally and analytically investigated. A thermo-kinetic
model was used to study the temperature and curing degree distr-
ibution in an adhesive during curing process.

Regarding the curing kinetics of the adhesive, it can be
concluded that:

— Autocatalytic model and isothermal Kamal and Sourour with
diffusion models simulate the curing behavior of the adhesive
Hysol EA-9321 well at low temperatures, i.e below the glass
transition temperature. These models have to take into account
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a heating rate-dependent pre-exponential factor and diffusion
control.

— Curing the adhesive at low temperatures of 25-45 °C decele-
rates the curing process significantly. High curing degrees are
obtained at higher temperatures of 80-100°C and more
rapidly.

— Concerning the potential use of this adhesive in the spatial
domain, the long curing period at low temperatures provides
curing degrees of around 50%. Hence, adhesive properties are
subjected to change depending on the environment in which
the adhesive evolves. Increasing curing temperatures or doing a
post-cure are recommended in order to increase the curing
state of the adhesive and thus to improve its properties.

The FE model was developed for a block of adhesive. The com-
parison with experimental data shows that the procedure is numeri-
cally stable and produces accurate results. This model makes the
assumption that curing residual stresses (chemical shrinkage and
thermal dilatation) are negligible.

The FE proposed is particularly interesting for applications for
which large-scale bonded structures are used. These structures are
generally erected and stored under outdoor conditions and the curing
state of the bonded area is heterogeneous according to the thermal
loadings applied, hence, the FE model used to indicate the curing
degree at each location of the bonded area. Since the mechanical
properties of the bonded assembly are curing degree dependent, it
will be a way to predict the strength of the structure according to its
curing state.

In future work, the determination of mechanical properties of the
adhesive Hysol EA-9321 and their dependence on the curing state will
be investigated. The knowledge of these properties will be a way to
predict the lifetime of a bonded-structure.
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