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Introduction
Structural adhesives based on thermosetting polymers see their mechanical behavior 
vary substantially during their processing because of their chemical nature. Indeed, the 
extension of the chains and the crosslinking of the polymeric network lead to signifi-
cant variations of their rheological behavior and mechanical stiffness. These materials 
are often considered to change from an initial (elasto-visco-plastic) liquid state to a rub-
bery (viscoelastic) gel and finally to a vitrified glassy (elastic) state [4]. In addition, the 
curing reaction induces a volume reduction called chemical shrinkage [16, 26], which 
is due to the mobility of the polymeric chains and the creation of new chemical bonds 
and accompanied by a closer packing of the molecules. In the confined conditions of a 
bonded assembly, this volume reduction may be restrained by the presence of the sub-
strate. As the mechanical stiffness of the adhesive increases, this shrinkage might initiate 
the development of residual stresses and may lead to early failure especially during sub-
sequent thermal cycling conditions or mechanical loadings [12, 14, 18, 25, 27]. In order 

Abstract 

The identification of the mechanical behavior of adhesives is necessary to describe 
the development of residual stresses during their curing, which might impact their 
mechanical strength and lead to early failure of the bonding. A simple characteriza-
tion and modeling approach is therefore developed and presented, which permits to 
monitor and identify the mechanical behavior of a thermosetting adhesive during the 
whole curing process. The test method is based on a compressive test, which consists 
in applying a periodic displacement and recording the subsequent load variations 
during cure. The test set-up relies on a simple apparatus as it consists in steel cylinders 
mounted on a standard tensile test machine. The analysis of the mechanical behavior is 
based on an analytical description of a visco-elastic constitutive law following the Max-
well model, leading to the identification of the material apparent viscosity and Young’s 
modulus. This characterization methodology is applied to an epoxy adhesive during 
cure. The obtained mechanical properties are in good agreement with values provided 
by the material supplier, which permits to validate the developed methodology.
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to predict these residual stresses and to prevent adhesive related failures, the mechani-
cal behavior of adhesives must be well understood especially during curing in order to 
model and predict their mechanical response all along the process.

Such polymeric materials exhibit both elastic and viscous behavior from their ini-
tial liquid to their final solid state. Characterizing their mechanical behavior therefore 
requires the use of a wide characterization methodology, covering the different mechan-
ical behaviors of the material during the whole curing process from the liquid to the 
solid state. During the early stages of curing and when the adhesive is still liquid, rheom-
eter tests appear to be well adapted to the characterization of the mechanical behavior 
of the material [17, 21, 22]. This is due to the relatively negligible stiffness of the adhe-
sive. These tests are however limited to the liquid state as the measured mechanical 
answer generally leads to an “infinite” viscosity when the adhesive begins to gelify. Once 
the adhesive is solid, i.e. after the gel point, several mechanical tests can be performed 
in order to record the behavior of the adhesive during the later stages of cure. Simple 
tensile tests can be run to monitor the elastic response of the material and identify its 
Young’s modulus and Poisson’s coefficient [13]. These tests are easy to develop and do 
not require much efforts when curing is slow and happens at room temperature, but 
only lead to the elastic behavior of the material. Dynamic mechanical analysis (DMA) [2, 
22–24] can be performed to overpass this limitation, as the temperature and frequency 
can be set on a wide range. This permits to characterize the visco-elastic behavior of 
the material as a function of the temperature and the cure in the case of high tempera-
ture curing adhesives. It however relies on time consuming experiments and analysis to 
ensure correct test conditions and to identify the material properties, respectively. The 
use of dynamic torsion tests with a rheometer to access the same material properties is 
also reported [1, 8].

Several authors developed characterization methods based on ultrasonic waves to 
monitor the elastic properties of thermosetting resins during cure [5, 11]. This method 
allows for an identification of the material behavior during the whole curing but it is 
however limited to constant temperature condition as the ultrasonic waves propagation 
is highly sensitive to this parameter. The use of a plunger-type dilatometer permitted 
to identify the evolution of the bulk modulus of a thermoset resin during cure as it was 
submitted to cyclic compressive solicitations [15, 19]. Finally, the use of modified univer-
sal testing machines could also be observed in the dental restoration domain to identify 
the visco-elastic properties of the material during the whole curing by applying a sinu-
soidal pulse at regular intervals [3].

Once the material behavior has been identified, a fine modelling is required in order 
to predict the development of the residual stresses state of the adhesive during cure. 
Several models have been used in the past decades to translate the evolution of the 
mechanical behavior of thermosetting resins during polymerization. The simplest 
model [7, 19, 20] is based on an incremental formulation of the linear elastic constitu-
tive law, accounting for the evolution of the matrix properties during cure. Its simple 
formulation makes it easy to implement and to feed from properties identified experi-
mentally. It however generally leads to an overestimation of the developed stress state 
as it does not account for possible stresses relaxation due to the viscoelastic material 
behavior. Improvements of this model were proposed, taking into account the viscous 
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response of the adhesive through the use of a combination of elastic spring and vis-
cous damper models [7]. These models are more complex to implement and the prop-
erties needed to feed the model can be more difficult to identify compared to the 
linear elastic model. They however lead to a more accurate description of the material 
behavior. The two main models used are the Maxwell and the Kelvin-Voigt model [3, 
9]. The first one is more adapted for viscoelastic fluid where there is no non-zero con-
stant load equilibrium and where chemical shrinkage can therefore not be taken into 
account. The second one allows for the existence of a stable and unique configuration 
under zero loading which is characteristic of solids, unlike fluids. Finally, complex 
visco-elastic models (e.g. the generalized Maxwell model) have been widely used to 
describe the behavior of thermosetting resins during cure [1, 2]. They however rely on 
an extensive characterization campaign based on numerous DMA tests and analysis, 
which adds to the difficulty in the implementation of such model within a simulation 
framework [6, 10]. These models however represent the most accurate description of 
the material behavior, accounting for possible stresses relaxation at various degrees of 
cure and temperatures.

From this literature review, it appears that characterizing the mechanical behavior 
of the adhesive from its uncured liquid state to its fully cured solid state requires the 
use of at least two different characterization methods and devices. Capturing its visco-
elastic behavior relies on the use of specific methods (DMA, rheometer), which requires 
more time consuming analysis than for the elastic behavior. The use of a purely elastic 
model to describe the material behavior might lead to an overestimation of the resid-
ual stresses, as it does not account for possible stresses relaxation. It is however easier 
to implement numerically and requires less experimental characterization to feed the 
model. On the opposite, complex visco-elastic models are more difficult to implement, 
and require fastidious experimental characterization and intensive calculations for 
parameters identification. The success of a model depends on its ease of use, the accu-
racy of its predictions, and on how meaningful the material parameters are. Therefore, 
a good approximate solution represented by a simple model is often nearly as informa-
tive as an exact solution given by a more complex model. A good compromise between 
all these criteria resides in the use of a simple viscoelastic model, which could account 
for possible stresses relaxation without needing too much experimental nor numerical 
efforts.

This study therefore aims at developing a simple methodology to characterize the 
mechanical behavior of a bonded joint during its whole cure process. It is based on the 
use of a universal testing machine with a simple compressive testing set up. The material 
behavior is followed during the whole polymerization and is modeled thanks to a Max-
well model, which permits to reproduce the observed mechanical response. This leads to 
the identification of two mechanical parameters of the adhesive over time in an explicit 
way: its viscosity and Young’s modulus. Firstly, the experimental procedure is explained. 
Then, the analytical Maxwell model used to fit the experimental results is presented. The 
identification strategy developed to obtain the evolution of the material viscosity and 
Young’s modulus uniquely and explicitly is presented. Finally, the results obtained on a 
commercial epoxy resin are presented and compared with values from the manufacturer 
datasheet.



Page 4 of 14Girard et al. Appl Adhes Sci             (2020) 8:2 

Materials and methods
Experimental procedure

The commercial adhesive studied is a two components epoxy resin named Epolam 
2001/95B from AXSON supplier. The two components are mixed together in stoi-
chiometric ratios and degassed under vacuum ( 10−4Pa ) during 2  min. The mixture 
is then placed between two S235 steel cylinders with 50  mm diameter and 50  mm 
height as shown in Fig.  1. The thickness of the thermoset liquid adhesive is set to 
350 µm (± 50 µm).

The assembly is positioned in a tensile test machine (ZWICK-ROELL Z050). A dis-
placement control is imposed, which provides a periodic loading–unloading cycle. In 
addition, three displacement sensors (LVDT, for Linear Variable Differential Trans-
former) are placed around the sample at 120 ° from one another to measure the local 
displacement between the two steel plates (as shown in Fig. 1). This setup allows to 
get both the stiffness of the assembly and the machine, which has to be taken into 
account. Experiments were carried out at room temperature (20 °C± 0.5 °C).

The displacement of the moving crosshead shown in Fig  2 is imposed as a quasi-
rectangular signal applied every 4 min, with a 3 µm amplitude at a rate of 1 μm/s. The 
maximum amplitude selected corresponds to less than 1% of the joint deformation 
to ensure that the material behavior of curing adhesive could be studied by means of 

Fig. 1  Montage design

Fig. 2  Imposed cycle
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the theory of linear viscoelasticity [9]. The cycle has been designed to have a first part 
with a constant deformation rate in order to have a visco-elastic contribution, and 
a part with constant deformation to study the relaxation of the bonded joint and to 
quantify the viscous contribution. The beginning of the mechanical stress is applied 
10 min after mixing of the adhesive, allowing to set the system in place. The load–dis-
placement response of the whole assembly is recorded. This permits to interrogate 
regularly the mechanical behavior of the adhesive film.

Model

To exploit and analyze the obtained results, a Maxwell rheological model illustrated in 
Fig.  3, which is suited for a viscoelastic fluid [9], is established in series with a spring 
representing the stiffness of the machine (i.e. the crossheads, holding jaw and the load 
cell). With the Maxwell model, the adhesive is modelled with an elastic (stiffness ka ) and 
a viscous portion (damper Ha , viscosity ηa ) in series.

The total displacement (i.e. the crosshead displacement), denoted �lt , is the sum of an 
elastic displacement from the tensile machine, �lem , an elastic displacement �lea and a 
viscous displacement �lva both from the adhesive joint (Eq. (1)).

Hypotheses and notations

Several hypotheses and notations are defined here, which are necessary for the devel-
opment of the model. First, the stiffness of the machine, denoted km , is constant and 
known. It is deduced from the comparison of the LVDT measurement and the displace-
ment sensor of the machine. The temperature is considered as homogeneous and con-
stant in the system. The load cycles are sufficiently fast compared to the stiffness and 

(1)�lt = �lem +�lea +�lva

Fig. 3  Rheological model used
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viscosity variations of the resin ( Ea(t) and ηa(t) ). This means that during each cycle, 
their derivatives with time are considered as null: 

.
Ea (t) =

.
ηa (t) = 0 . The bonding sur-

face and thickness, denoted respectively Sa and la , are considered constant during the 
whole curing process. Finally, we define the stiffness of the adhesive as ka = Ea ×

Sa
la

 , and 
Ha = ηa ×

Sa
la

.
The loading cycle is defined with the 4 segments, 0–1, 1–2, 2–3 and 3–4, shown 

in Fig.  4. The displacement velocity 
.
� lt is constant on all moving segments. Each 

cycle can be divided into two comparable half cycles: {0–1; 1–2} and {2–3; 3–4} with 
.
� lt (0− 1) = −

.
� lt (2− 3). F0, F1, F2, F3, and F4 , are the forces measured at points 

0, 1, 2, 3 and 4 respectively.

Mechanical behavior of the machine

The behavior of the machine is assumed to remain elastic and linear with a stiffness km . 
The applied load F  and the displacement �lem of the machine follow the Eq. (2):

Elastic behavior of the adhesive

The link between the longitudinal stress in the adhesive along the bonding axis, denoted 
σa , and the longitudinal elastic strain, εea , is established with the Hooke’s law by the 
apparent Young’s modulus (Eq. 3).

Equations (4) and (5) are then easily deduced, taking into account nominal strain and 
stress, showing the link between the elastic displacement �lea in the adhesive and the 
load F .

(2)F = km ×�lem

(3)σa = Ea × εea

Fig. 4  One loading–unloading cycle: a imposed displacement; b measured force
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Viscous behavior of the adhesive

The connection between the longitudinal stress of the bonding in the following bonding 
axis and the speed of longitudinal viscous strain ε̇va , is defined by the Eq. (6):

It leads to Eq.  (7) and the link between the viscous displacement velocity �lva in the 
adhesive and the load F Eq. (8).

Behavior law of the system

From the general Eq. (1) and the equations describing the behavior of each part (Eqs. (2) 
(5) and (8)), we obtain the Eqs. (9) and (10):

By defining keq = 1
1
km

+ 1
ka

 and � = H
keq

 , Eq. (10) becomes:

The differential Eq.  (11) makes it possible to describe the complete behavior of the 
studied system.

Resolution of the differential equation

The analytical resolution of the differential equation on the different segments of a half 
cycle of loading, and the examination of the load values at the various points concerned 
permit to identify the two sought parameters Ea and ηa for each solicitation cycle.

For t0 ≤ t ≤ t1 , resolution of the differential Eq.  (11), with the boundary condition 
F(t = t0) = F0, gives Eq. (12):

(4)
F

Sa
= Ea ×

�lea
la

(5)�lea =
F

Ea ×
Sa
la

=
F

ka

(6)σa = ε̇va × ηa

(7)
F

Sa
=

�l̇va
la

× ηa

(8)�l̇va =
F

ηa ×
Sa
la

=
F

Ha

(9)�l̇t = �l̇em +�l̇ea +�l̇va

(10)�l̇t =
Ḟ

km
+

Ḟ

ka
+

F

Ha

(11)Ha ×�l̇t = �Ḟ + F
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where 
.
� lt is a known non-zero constant.

Applying the second unused boundary condition,F(t = t1) = F1 , yields the Eq. (13):

For t1 ≤ t ≤ t2 , resolution of the differential Eq.  (11), with the boundary condition 
F(t = t1) = F1, gives Eq. (14):

Applying the second unused boundary condition,F(t = t2) = F2 , yields the Eq. (15):

The resolution of the system composed of the Eqs. (13) and (15) makes it possible to 
express � and Ha according to the data of the problem express in the system Eq. (16):

The resolution of the differential equation on segments 2–3 and 3–4 is identical.

Results and discussions

The mechanical response of the epoxy adhesive is presented in Fig. 5. The baseline of the 
force, corresponding to the end of the plate relaxation at the nominal joint thickness, i.e. 
350 µm, and therefore to the points 0 and 4, is also represented in Fig. 5 as a red line. Its 
value remains null during the early moments of the cure, from t = 0 to t = 5 h. Its value 
then rises from t = 5 h to the end of the experiment. This indicates a longitudinal tensile 
stress though the thickness of the bonded joint. This phenomena is due to the chemi-
cal shrinkage of the adhesive. Indeed, once the adhesive stiffness starts to increase, it 
is capable of transmitting loads and stresses to the substrates. As the adhesive tends to 
shrink, its strains are blocked by the substrates and lead to a tensile stress state along the 
bonding direction.

Figure 6 shows some enlargements of the previous curve after different test dura-
tions. The adhesive presents 3 types of mechanical behavior according to the cure 
time. In the first part of the test (Fig. 6a), its mechanical response highly rises dur-
ing the steps (0–1) and (2–3) and is due to the imposed strain rate. The obtained 
load then rapidly decrease and tend to a null value during the constant displacement 
steps (1–2) and (3–4). This is linked with the viscous behavior of the adhesive, and 
the adhesive seems to be purely viscous during these early steps. Then, during the 
following steps (Fig.  6b, c) the viscous relaxation lasts longer and continues during 

(12)F(t) = Ha ×
.
� lt +

(

F0 −Ha ×
.
� lt

)

× exp

(

−
t− t0

�

)

(13)F(t = t1) = Ha ×
.
� lt +

(

F0 −Ha ×
.
� lt

)

× exp

(

−
t1 − t0

�

)

= F1

(14)F(t) = F1 × exp

(

−
t − t1

�

)

(15)F(t = t2) = F1 × exp

(

−
t2 − t1

�

)

= F2

(16)















� = −
t2−t1

ln
�

F2
F1

�

Ha = 1
.
� lt

×
F1−F0 exp

�

−
t1−t0

�

�

1−exp
�

−
t1−t0

�

�
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the constant displacement steps (1–2) and (3–4). This translates a rise in the mate-
rial viscosity due to the polymerization process. Also, the load does not return to a 
null value during the constant displacement steps, which is attributed to the develop-
ment of the elastic stiffness of the adhesive. The material behavior therefore tends 
to a visco-elastic behavior with an elastic over viscous ratio increasing with time. 

Fig. 5  Load evolution during the test

Fig. 6  Load versus time curves after 4 different test durations
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During the last steps (Fig. 6d), the viscous relaxation is not visible anymore during the 
constant displacement steps, and the load variations are directly proportional to the 
imposed displacement. This translates a purely elastic behavior.

From the previous equations (Eqs. 12, 14, 16) and the load variations measured at 
some characteristic points defined in Fig. 4, it is possible to calculate the force evo-
lution over time. The results from the identified model and the experimental ones 
for some representative cycles at 5 h, 6 h, 7 h, 8 h, 9 h and 10 h after implementing 
adhesive are represented in Fig. 7. An over-evaluation of the viscosity is observed for 
the lower times (i.e. 5, 6 and 7 h) as the load relaxation happens faster experimentally 
than with the model. An improvement of the analytical identification methodology 
could however permit to better fit the experimental results.

Fig. 7  Experimental results and model comparison for different times: a at 5 h; b at 6 h; c at 7 h; d at 8 h; e at 
9 h and f at 10 h
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Expressions of ηa and Ea according to parameters � and Ha are defined below from 
previous equation:

After measuring the characteristic load for each cycle, it is possible to calculate ηa and 
Ea from Eqs. 16 and 17. The obtained values are represented in Fig. 8 as a function of t0 , 
which corresponds to the values of the time at each cycle beginning.

It appears that the modulus (Fig. 8a) remains low during the early moments of cure as 
its value is lower than 0.05 MPa when t < 2 h. It then rises quasi-linearly with time until 
reaching a value of approximately 150 MPa at t = 7.5 h. The increase of the modulus then 
slows and varies linearly with time until reaching approximately 2000 MPa at 22 h. This 
rapid evolution of the modulus followed by a slower increase during the late times of 
cure was already observed by several authors in the literature [1, 11, 22, 23]. It is attrib-
uted to the approach of the gelification of the adhesive and to the increase of the glass 
transition temperature which leads to a slower polymerization. The identified viscos-
ity (Fig. 8b) is also negligible during the early moments of cure, as its value approaches 
1 Pa·s at t = 0 h. It then rises exponentially with time, tending to a vertical asymptote 
by t = 10.5 h. The last identified values of the viscosity attain 1 MPa·s. This time corre-
sponds to the gel point of the adhesive, as its behavior tends to a purely elastic one. An 
exponential type increase of the viscosity with time was already mentioned in previous 
studies [1, 22].

During tests, the stiffness of the bonded joint exceeds the one of the machine. Figure 9 
presents the stiffness evolution over time compared to the estimated machine stiffness. 
The adhesive film has the same stiffness as the machine 6  h after its implementation, 
then a stiffness 10 times greater after 7h30.

Secondly, since Ea and ηa are linked, if the viscosity is overestimated, as previously 
forebode, then the evaluation of Ea is biased accordingly.

Table 1 gives indications from the adhesive data sheet provided by the supplier. The 
value of viscosity after mixing given by the supplier is consistent with the one measured 
by the method presented here. Indeed, it reaches 0.4 Pa·s where the developed test led to 

(17)







ηa = Ha ×
la
Sa

Ea =
la
Sa

× 1
�

Ha
− 1

km

Fig. 8  a Calculated Young modulus Ea. b Calculated dynamic viscosity ηa
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an initial value of the viscosity of approximately 1 Pa·s (Fig. 8b). The values of the modu-
lus are also in relatively good agreement (Fig. 8a), given the point of vigilance regarding 
the stiffness of the machine. The measured Young’s modulus attains the same order of 
magnitude as the supplier one, after 24 h of cure at room temperature.

Regarding the obtained results in Fig. 8a, b, it appears the early values determined at 
the beginning of the cure are more altered compared to the ones obtained during cure. 
This is due to the sensitivity of the load cell of the test machine, which is given at 0.5 N 
by the machine supplier. As can be seen in Fig. 6a, the load variations remain low dur-
ing these early moments, which leads to non-negligible uncertainties. This could be 
improved by reducing the sensitivity of the load cell. Also, as the chemical shrinkage 
is not taken into account in this model, it is not possible to estimate the evolution of 
the load over time. An improvement of the model would permit to describe more pre-
cisely the complete behavior of the joint during cure. These different limitations will be 
addressed in an upcoming study. Nevertheless, the obtained results demonstrate the 
ability of this simple test method to obtain the evolution of the Young’s modulus and 
viscosity of an adhesive matrix during cure.

Conclusion
Identifying the mechanical behavior of thermosetting adhesives is of outmost impor-
tance in order to predict their initial residual stresses state and its possible impact on 
the bonding strength. The present study aims at presenting a simple experimental set-up 
and the associated analytical model to identify the visco-elastic behavior of an adhesive 

Fig. 9  Comparison of the bonded joint stiffness and the one of the machine

Table 1  Indications from adhesive data sheet

Parameters Methods Time after mixing Values

Mix viscosity at 25 °C BROOKFIELD LVT 0 h 400 mPa·s
Flexural modulus at 23 °C ISO 178 :2001 24 h 2600 MPa
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during cure. The experiment consists in a compressive test where a thin adhesive sample 
(350  µm) is cyclically submitted to a compressive solicitation between two steel plots 
during cure. The whole system is mounted on a standard tensile test machine. This per-
mits to independently identify the contribution of the viscous and the elastic behavior 
of the material within each cycle. The material response is modeled thanks to a Maxwell 
visco-elastic model, which is analytically fitted to the experimental results. This allows 
to identify the relative material properties, i.e. the viscosity and Young’s modulus of the 
adhesive. This method is applied to an epoxy adhesive during cure at room tempera-
ture. The obtained viscosity and Young’s modulus evolution are compared with values 
provided by the supplier, showing good agreement. This method therefore permits to 
continuously identify the mechanical behavior of a thermosetting adhesive during cure, 
using only one simple device (i.e. a tensile test machine) and an analytical identification 
method. As a consequence, it represents a good compromise between a non-accurate 
purely elastic approach and a complex visco-elastic identification based on a rheometer 
and a DMA. Even though this method relies on several hypotheses, the results obtained 
are consistent with those from the adhesive manufacturer’s data sheet, which proves the 
ability of the method to describe the visco-elastic behavior of the adhesive during cure.
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DMA: Dynamical mechanical analysis; LVDT: Linear variable differential transformer.
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