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Abstract. This work investigates the hygrothermal cyclic aging of epoxy-based bonded assemblies. The focus
is given here to severe long-term environmental conditions. The aging procedure is performed between 70° C
with a relative humidity of 90% and —40° C without humidity, over a cyclic period of 12h and for a total
exposure time of 2 months. The aim of this study is to highlight the consequences of such hygrothermal aging
on physico-chemical and mechanical parameters at both the material scale (adhesive) and the structural scale
(bonded assemblies). Evolution of water absorption and glass transition temperature with aging cycles are
monitored on adhesive bulk specimens by gravimetric analysis and DSC analysis respectively. The evolution of
the quasi-static mechanical behavior, strength and elongation at failure, is characterized on adhesive massive
specimens and on Single Lap Joint assemblies. Results show a progressive and important degradation of
physico-chemical and mechanical properties with the number of cycles, of greater amount than that observed
during static aging (loss of SLJ strength by 30% after 56 aging days; loss of the adhesive T, by 45% for around
5% water uptake after aging 21 days). This behavior is related with an embrittling effect at the adhesive scale
very specific to water change of state involved in these aging conditions. This combined analysis at different
scales ensures a deep understanding of physico-chemical phenomena induced by hygrothermal aging and
provides significant information for the further modeling of bonded joints assemblies.

Keywords: bonded assemblies; cyclic hygrothermal aging; severe environmental conditions; lap joint;
mechanical testing; physico-chemical characterization

1 Introduction structural bonding due to their high stiffness and strength

properties associated with customized formulation able

Among the technical solutions that can reduce the weight
of mechanical systems, structural bonding appears as a
relevant alternative for the assembly of materials. The
possibility of associating materials of different nature and
properties, the preservation of the assembled parts and
the quasi-continuous diffusion of the efforts between the
elements are as many assets for this process and explain
its rise in several fields of engineering. For automotive
industry, the use of bonded assemblies typically offers a
promising way to reduce the vehicles weight, and thus
to decrease the COg emissions and energy consump-
tion. The success of structural bonding depends both
on the performance of the adhesive itself and on the
suitability of the adhesive with the parts being bonded.
Epoxy-based polymer adhesives are specially designed for

*e-mail: Helene.Welemane@enit.fr

to match different kind of supports and various service
requirements.

In several applications, bonded structures are exposed
to severe environmental conditions where humidity and
temperature may significantly affect the mechanical per-
formance of adhesive joints. Many researchers have high-
lighted the effects of this aging on epoxy joints [1-3].
The water absorption generally leads to plasticity and/or
breakage of interfacial bonds. At first, water molecules
occupy the free volume of microcavities of the polymer.
Then, water molecules penetrate the polymer network and
break the weak bonds between the polar groups, reducing
the glass transition temperature T, of the adhesive and
its mechanical properties, this phenomenon is called plas-
ticization [4]. This water penetration directly results in a
dimensional change of the polymer, known as swelling [5].
Generally, both plasticization and swelling are reversible.
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Yet, under certain conditions and for long time aging, dif-
ferential deformation caused by water absorption can lead
to microcracking and hydrolysis that correspond to the
breakage of the polymer molecular chains [6]. Such irre-
versible damage induces a permanent degradation of the
physico-chemical and mechanical properties of the adhe-
sive and strongly reduces its lifetime [7,8]. In the works
of Zhang et al. [9], the gravimetric monitoring of epoxy
adhesives immersed in water at room temperature during
30 days shows a correlated kinetics between T reduction
and water uptake in the first days of exposure then fol-
lowed by some stabilisation of T, while absorption still
goes on. This is a direct consequence of the plasticiza-
tion and bonding by type I bound water. Additionaly,
the partial recovery of the T}, after re-drying of saturated
samples demonstrates the irreversible character of the
water absorption. These changes are naturally reflected
in the adhesive mechanical behavior. For instance, Mishra
and Singh [10] have observed the degradation of the
tensile strength according to exposure time for an epoxy-
harderner system immersed in deionized water for 75 days
at 20°C (see also [11,12]). Using FTIR analyses, they con-
firm the occurence of hydrolysis phenomena that create
carboxylic acids (C=0) and alcohol (OH). In addition
to the negative impact of water on the adhesive mate-
rial itself, the diffusion of critical amount of moisture at
the interface with adherends may also lead to interfacial
failure, the amplitude of this phenomenon being condi-
tioned by the surface treatment [13,14]. The resulting
consequence of these phenomena at the structural scale
has been highlighted for example by Hirulkar et al. [15]
on Single Lap Joints prepared with Aluminium substrates
and Araldite® adhesives. They note a decrease by almost
25% of the shear strength after immersion in water during
60 days.

The above degradation processes due to humidity are
generally strongly influenced by the temperature. Espe-
cially, high temperature may accelerate and increase
previous modifications in physico-chemical and mechan-
ical properties. Typically, the rate of sample weight gain
and equilibrium level are higher for the high tempera-
ture immersion in [9]. Such observation is in line with the
results of Zhou and Lucas [16] on three epoxy systems
immersed at 60°C and 90°C during 65 days. For high
temperature, the depression kinetics of the glass transi-
tion temperature is faster but with less amplitude than
for low temperatures exposition. In their case, T begins
to recover gradually with time after saturation. This is
explained by the subsequent increase in type II bonds,
which promote secondary crosslinking with hydrophilic
groups such as hydroxyls and amines in the epoxy net-
work. Precisely, higher immersion temperature induces
a greater degree of T, recovery. Xu et al. [17] have
also demonstrated the irreversible changes occurred in a
DGEBA epoxy subjected to long-term hygrothermal aging
(immersion in deionized water at 75°C during 105 days).
After re-drying of saturated samples, they note only a
partial recovery of the T, and mechanical properties (in
tension, compression and shear strength). FTIR analy-
ses confirm the chemical change affecting C-H bonds and
intermolecular hydrogen bonds as in [16] and the faster

initiation of hydrolysis as in [10]. Regarding mechanical
properties, the comparison of hygrothermal aging at 20°C,
50°C and 75°C by [10] shows that adhesive materials
subjected to the highest hygrothermal aging temperature
have the lowest value of tensile strength. Observation of
such tendency is also extrapolated at the structural scale
on SLJ specimens by [15] (see also [12]).

Despite an extensive literature on the question of
hygrothermal aging of adhesives and bonded joints, the
environmental conditions really encountered during vehi-
cle service are often partially accounted. A first point
stands in the consideration of cold temperature involving
a change of water state. To our knowledge, one can only
cite the study of Hu et al. [18] on SLJ specimens bonded
with different adhesives and subjected to room temper-
ature, 80°C and —30°C with 10-20% relative humidity
for 7 days. Whatever the adhesive, the most severe and
fastest degradation of SLJ strength is observed at —30°C,
which demonstrates the weakening effect of negative tem-
peratures turning the adhesive glass-like and increasing
internal stresses. Another important fact is that bonded
structures often undergo cyclic aging due to variational
environmental conditions. Most studies, and in particular
those cited above, only consider static aging conditions
with fixed humidity level and fixed temperature. The
response of the adhesive to cyclic aging is still relatively
unexplored and existing studies generally consider few
number of cycles or low impact conditions. The aging cycle
applied by Moazzami et al. [19] on an Araldite® adhesive
consisted of three runs with 100% relative humidity fol-
lowed by one desorption phase each. They observe that
the elastic modulus and tensile strength of the material
decrease with increasing number of aging cycles together
with an increase of the water content. Considering four
cycles at 50°C including each a 30 days immersion period
followed by a 7 days drying period, da Costa et al. [20]
highlight that the water uptake and diffusion coefficient
are mainly modified after the first cycle, the behaviour
of the adhesive remaining quite constant for following
cycles. Hirulkar et al. [15] investigated the effect of cyclic
hygrothermal aging composed of two 6h blocks involving
different temperatures (between 50°C and room temper-
ature; between 50°C and —5°C, without water phase
change) and different environments (water and air) for
each block. The breaking strength and maximum elon-
gation of single-layer assemblies with either ductile or
brittle Araldite® decrease significantly with the number
of cycles. At last, the hygrothermal aging cycle used by
Hu et al. [21] from 80°C to —30°C with 2h period, con-
stant humidity (10-20%) and during 14 days leads to
a fast degradation of SLJ strength in the initial cycles,
which then stabilizes at a loss of around 5% until the
end of the test. Yet, according to short time exposure to
each temperature, these conditions may not involve the
complete phase change of moisture diffused within the
adhesive joint.

This paper intends to investigate the hygrothermal
aging behavior of assemblies bonded with an epoxy
adhesive currently used in transport applications (Per-
mabond Loctite® ESP 110). The main contribution of
the present experimental study stands in the severe
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Fig. 1. FTIR spectrum for uncured and cured ESP 110 adhesives.

environmental conditions applied for hygrothermal aging.
Cyclic, extreme and long-term conditions are considered,
including an important number of variations from high to
cold temperatures and from high to low humidity levels.
Exposure times to each state are also sufficiently long to
involve several water change of state between liquid to
solid. Moreover, the understanding and characterization
of such degradation mechanism requires studies at both
the adhesive material and assembly structural scales. In
this way, it is proposed to monitor the water uptake, the
glass transition temperature, the bulk adhesive mechan-
ical behavior and the resulting mechanical behavior of
bonded assemblies (Single Lap Joint configurations). If
damage effects on SLJ assemblies exhibit some similarities
with those observed during static hygrothermal aging, we
note in this case a specific behavior of the adhesive mate-
rial that becomes much more brittle and an accelerated
degradation kinetics of both physico-chemical properties
and mechanical properties with aging cycles.

2 Materials and methods
2.1 Epoxy-based adhesive

The adhesive considered in this study is a standard brittle
epoxy adhesive Permabond Loctite® ESP 110 reinforced
with 30% aluminum powder filler and 5% of rubber to
increase the modulus and ultimate strength of the adhe-
sive [22]. The supplier recommends to cure the adhesive
at 180°C within 20 min. Such protocol was checked by
Fourier Transform InfraRed (FTIR) spectroscopy. Using
Beer Lambert’s law (1), which establishes a proportion-
ality between the concentration of a chemical entity and
its absorbance, the comparison of oxyran cycles (vibration
band at 913 cm~!) and carbon bonds (reference stretching
vibration band at 1507 cm~!, Fig. 1) makes it possible to
determine the curing ratio ¢,:

H (913 cm_l)t
H (1507 cm~1),
H (913 cmfl)tzo
H (1507 cm—1),_,

e (%) =100% | 1— (1)

where H(x) corresponds to the absorbance of the chemi-
cal entity with the wavelength z. After several tests, the

curing time was doubled to 40 min which ensures a value
of ¢, = 96% for the curing ratio.

Another important feature is the glass transition tem-
perature T, of the adhesive, which is the signature of
the material. Indeed, an optimal T, is a synonym for
a maximal cross-linked density of the polymer. It was
obtained by Differential Scanning Calorimetry (DSC),
which consists of measuring the temperatures and heat
flows associated with transitions in the material as a func-
tion of time and temperature in a controlled atmosphere.
It was measured using a TA Instruments Q100 DSC
machine. A temperature range of 20°C to 140°C was used
in this experiment, with a heating rate of 5°C/min. The
midpoint technique is used to calculate the T, (Fig. 2).
Precisely, the glass temperature of the cured adhesive was
evaluated to 102°C £ 3°C, which stands in agreement
with the supplier data.

2.2 Manufacture of SLJ and bulk specimens

The single lap joint specimens were prepared according to
the French standard NF EN 1465 (Fig. 3). The adherend
material used is Stainless Steel 304L for its resistant prop-
erties against corrosion. An overlap length of 25 mm X
12.5mm was considered and a thickness of 0.4 mm was
targeted thanks to a system of compression and Teflon
wedges (Fig. 3b). A precise procedure was defined and
used throughout all the production to ensure the same
qualities on all specimens. For the surface preparation,
the adherent was grit blasted using aluminum oxide par-
ticles. Substrates were then cleaned with pressurized air
before degreasing them using alcohol in an ultrasonic tank
for 10 min. The adhesive was then applied on the substrate
using a 3D printed syringe with a rectangular slot. This
method ensures a full application of the adhesive on the
whole overlap area while reducing porosity (Fig. 4). The
other substrate was finally laid down by tilting it to repel
air bubbles and minimize trapped bubbles. After curing
time, assemblies were left in the oven until it reached the
room temperature. Thickness of the final adhesive bond
was controlled by a calliper. An average value of 0.37 mm
was obtained without significant dispersion along the over-
lap lenght nor between samples (standard deviation of
0.04 mm). Before any aging or testing, all specimens were
stored in a desiccator.

In order to investigate the correlation between the
macro and the micro scales behavior, the physico-chemical
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Fig. 2. Determination of the glass transition temperature T for ESP 110 by DSC.

and mechanical properties of the adhesive itself must be
characterized. In this way, several types of specimens are
required. A rectangular (40mm x 10mm X 42 mm) sam-
ple is used to measure the diffusion of water and the
evolution of the T,. For the tensile tests, dumbbell-shaped
specimens were used (Fig. 5), inspired by the EN ISO 527-
2 standard modified by Costa et al [11] to produce more
reliable results.

To manufacture the bulk specimens while ensuring a
good quality of samples, the NF T 76-142 standard was
used, which consists on making first an adhesive plate
of the desired thickness. The protocol is as follows: the
adequate quantity of adhesive is poured on a Teflon plate
which serves as a protection for the hot press and also
ensures a smooth surface for the adhesive plates. This
quantity is placed into the center of a rectangular silicone
frame with a 2mm thickness and an interior dimension of
145mm x 145mm, an outer metal frame is then placed
around the silicone frame to maintain it in place during
the manufacturing (Fig. 6a). Then another Teflon plate is
placed on the top to hold the silicone frame in place while
pressing (2MPa). After the curing cycle, the plates are
then cut using the water jet machine to obtain the final
specimen geometries (Fig. 6b). As for assemblies, samples
are then stored in the desiccator until aging and testing
steps.

2.3 Aging conditions and gravimetric monitoring

Hygrothermal aging of all specimens has been carried out
in an Excal 4021-T/H climatic chamber following the cycle
d4 of the laboratory aging conditions for testing bonded
joints defined by ISO 9142 standard [23] (Fig. 7). Cycle
d4 trusts aging procedure used in the industry on bonded

assemblies as it simulates environmental conditions that
vehicules can be exposed to during their life cycle. Each
cycle lasts 12 h and consists of two phases:

e A first step of 5h where the temperature is main-
tained at 70°C under a 90% relative humidity,

e A second one of same duration at —40°C and
without any humidity.

Characterizations were thus planned in the initial state
(to = 0 day) and after 1day (2 cycles), 2 days, 3 days,
7 days, 14 days, 21 days, 28 days, 42 days, 56 days
(2 months, 112 cycles) of aging. Indeed, special atten-
tion is given here to short term effects that are often of
most importance in adhesive materials aging. For each
sampling, 3 specimens were considered for material and
assemblies characterizations, which typically led to a total
of 30 dumbbell-shaped adhesive specimens and 30 SLJ
specimens. After each extraction, samples were placed
within the desiccator at room temperature for 72 h prior
to the experimental tests to allow stabilization.

After each extraction, the weight was measured to
track the amount of water uptake. The specimens were
taken out of the climatic room and wiped clean with
Joseph paper sheets before being weighed using a high
precision laboratory balance (accuracy of 0.01mg). The
water uptake M; was calculated as My = (wy — wp) /wo
(expressed in %), where w; is the mass of the sample
at the time ¢ of extraction and wg the initial mass at
to = 0 day.

2.4 Mechanical testing

The adhesive strength of the single-lap shear joints was
carried out on an Instron 100kN hydraulic machine at
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Fig. 3. (a) SLJ geometry according to NF EN 1465, (b) device used for the manufacture of assemblies.

a constant displacement rate of 1 mm/min. Force values
were provided by the Instron machine, while displacement
values were determined using a digital image correlation
technique (Fig. 8a). For each extraction, the mean val-
ues (failure force and maximum elongation) were averaged
from tests performed on 3 specimens.

For tensile tests on bulk material, the alignment of the
specimen and machine jaws requires special attention to
avoid parasitic bending moments during testing. In this
way, a special device was created to properly position the
specimens and their holding fixations (Fig. 8b). Tensile

tests were then performed under constant displacement
rate of 1 mm/min on an Instron machine with a 10 kN load
cell. Similar monotoring procedure as for SLJ is considered
(Fig. 8c).

3 Results and discussions

Figure 9 shows the force displacement curves of both
SLJ assemblies and bulk adhesive before aging (tg = 0
day). Results for the 3 specimens considered in each
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(b)

Fig. 4. (a) Application of the adhesive, (b) manufactured
assemblies.

configuration are presented. Both Figures 9a and 9b high-
light the repeatability of the response, which confirms
the reliability of manufacturing protocols. For assemblies
and adhesive, the curves present first a linear part then
followed by some non-linear transition up to failure. It
shows that the elastoplastic behavior of the adhesive gov-
erns the assembly response with higher rigidity induced
by metallic adherends in the case of SLJ samples (initial
rigidity of 23.7kN/mm for SLJ and of 616 N/mm for bulk
specimens).

Figure 10 shows the force displacement curves of both
SLJ assemblies and bulk adhesive up to 56 days of aging.
Among 3 tests done for each extraction time, the rep-
resented curve corresponds to the intermediate failure
strength obtained; error bars on the top of the curve
shows extreme values (low and high) obtained for the
2 other non-represented specimens. Note that the aver-
age relative deviation on all data between the average
breaking force on 3 curves and the breaking force of the
selected curve is around 6% for the bulk material and
8.5% for SLJ assemblies. Such dispersion stands in agree-
ment with results obtained in the literature on similar
test configurations and either for static or cyclic aging
(see for instance [10,21]). Regarding the SLJ specimens
(Fig. 10a), their behavior remains brittle throughout the
aging process. In the first exposure times (up to 14 days),
the response is quite homogeneous with small instabilities.
For longer aging, the response comes to be more brittle

(similarly to [15]), with a global decrease of the stiffness
and maximum load. At 56 days, we observe a plateau
in the load-displacement response that may correspond
to a plasticization of the adhesive joint. As in works of
Sugiman et al. [24] for an immersion in deionized water
at 50°C, the degradation of assemblies strength (around
30% at 56 days) is greater than the stiffness one (less than
5% at same time). It is worth noting that for a shorter
time of severe cyclic aging, the magnitude of strength loss
here is greater than the long-term static aging studied by
these authors (24% after 2 years). Sub-zero temperatures
undoubtedly play an important role in this degradation,
in line with the higher level of SLJ strength degradation
obtained in static aging conditions at —30°C than at 80°C
in the comparative analysis of Hu et al. [18]. Related fail-
ure facies of assemblies are presented on Figure 11 for
several aging times. The failure appears to be cohesive
near substrate. An adhesive layer still remains on each
side of the tested specimen, which means that the defined
protocole ensures good initial conditions for the samples
before testing them. Moreover, it is also important to note
that the manufacturing procedure and the adhesive prop-
erties make it possible to preserve a cohesive failure mode
under extreme aging conditions at least for 2 months.
Even if the global behavior of assemblies is degraded with
aging, the load transfer and the interface still hold within
such structural bonding. Due to the viscosity of ESP 110,
the presence of some bubbles inside the adhesive could
not be completely avoided (for instance, third facies of
Figure 11f for 56 aging days). While the presence of bub-
bles can weaken the adhesive joint, they do not appear
to initiate cracks. In fact, fracture facies with bubbles
present the same typology as the others, and do not sys-
tematically lead to significant dispersion in mechanical
response (see related dispersion behavior for 56 aging days
on Figure 10a).

Focusing now on the quantitative effects of hygrother-
mal aging, Figure 12a represents the evolution of the SLJ
failure load versus aging time. Standard deviation is rep-
resented for each serie. In the same spirit, the evolution
of failure displacement is described on Figure 12b. These
graphs show the progressive reduction of the mechanical
properties of assemblies due to aging. Basically, the aging
behavior can be separated in several phases. During the
first 2 weeks, we observe a transitional phase with ups
and downs for both failure force and failure displacement.
The maximum load drops by 10% in the first 2 days of
aging before recovering back in the 3rd day. Then, failure
force values decrease again strongly after 2 weeks, up to
25% from ¢ = 0 day. For 2 months of aging (56 days), one
gets around 70% of the initial failure load but the drop-
ping rate tends to be lower than in the early days. The
trend on failure displacement is also a global reduction
with aging but the standard deviations are too large to
observe such detailed developments. This overall decrease
of mechanical features seems to be due to a weakening of
the adhesive joint mechanical properties induced by the
water uptake. When water diffuses in the adhesive, it first
occupies the free volumes and then starts breaking the
weak bonds. This has for main consequence the global
reduction of the maximum loading. Water can also locally
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Fig. 8. Mechanical testing: (a) shear testing on SLJ assembly, (b) device for bulk specimen alignment, (c) tensile test on bulk

adhesive.

form new bonds with the free molecules. This specificity
of polymers may explain the small recovery in the fail-
ure loading observed at t = 42 days. Beyond that point,
the influence of aging turns negative again for the failure
strength adhesive, with much slower kinetics.

In order to better understand and explain the assem-
blies behavior, let us consider the response of bulk
material. Figure 13a shows the water weight uptake as
a function of the square root of time related to the
thickness A = 1.85mm of the sample. Up to 14 days
(/(t)/h = 600s'/2/mm), the diffusion is fast and linear,
in agreement with a Fickian behavior. Then, it seems that
there is a fall in the slope of the curve, corresponding
to a decrease of the water uptake. Note that this lat-
ter point needs to be confirmed by additional long-term
characterizations. After 21 days of aging, the weight gain
reaches 4.4% while specimen are not saturated yet. Con-
sidering only earliest exposure times, one can estimate
the diffusion coefficient D from classical linear part of
Fick’s law established for a thin adhesive submerged in an
infinite bath:

M, 4 [Dt
== 2

™

with M., the mass of water intake at saturation. Fol-
lowing the same approach as [10], a short-time exposure
diffusion coefficient has been estimated from the slope

a of the straight (green) line in the pink region of the
Figure 13a:

D:7r<4]\300>2 (3)

where the M, = 3.3% has been taken at the point
of linearity loss (red dotted line). It thus comes to
D =9.69 x 10713 m?2.s7!, which stands in agreement with
usual results of the literature for epoxyde systems.

Figure 10b presents the evolution of the mechanical
response of the bulk material. The curves show that
the adhesive becomes even more brittle with aging time.
Indeed, both the elongation and the breaking strength
decrease during aging, as shown by Figures 14a and 14b.
A drop by 40% for the failure load and by 50% for dis-
placement at failure was observed through the first 7 days
of aging. Beyond this, we note a stabilisation of the bulk
mechanical response, both regarding failure force and dis-
placement. Such embrittling effect is very specific to the
present context since static aging at high temperature
generally leads to a more ductile behavior of the adhesive
related to water absorption [11,12].

During each aging cycle, the temperature variation
induces a change of the absorbed water state from a lig-
uid state to a solid state and vice versa. As the water
diffuses, such recurrent state modification leads to a brit-
tle behavior and thus a decrease of the T, as illustrated
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on Figure 13b. In the first 2 days, the T, drastically
decreases by almost 40% and reaches values around 65°C.
From the 70" day, the T, decreasing rate seems to lower
(at t = 7 days, the T, comes around 55°C), coming to
some stabilization beyond that. Figure 13c makes it pos-
sible to estimate the relationships between the kinetics
of water absorption and glass transition temperature evo-
lution. One can observe in the first aging cycles a strong
drop in T, correlated with an important water gain (green
dotted line interpolation). From the end of the linear
Fickian behavior (14 days), it seems that there is some
stabilization of the T, degradation while absorption still
goes on (red dotted line interpolation), as observed by
[9] during static aging at room temperature. Note again

that this point needs to be confirmed by longer expo-
sure cycles on the adhesive material. This overall drop of
T, causes the deterioration of the mechanical properties,
as confirmed by the full correlation between the trend
observed on the T, and bulk mechanical properties evolu-
tion. More characterizations on the bulk material need to
be made for longer times of aging to complete the under-
standing of the observed tendencies. Typically, it will be
interesting to observe the kinetics of the water uptake to
confirm if a first plateau has been reached between 7 and
14 days and whether the 42" day strength recovery on
the SLJ assemblies actually corresponds to a material-
wide strength recovery. Moreover, performing desorption
at different aging times, typically after 7 days, could bring
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Fig. 10. Typical force displacement curves of mechanical testing for different aging times: (a) SLJ assemblies, (b) bulk specimens.

information on the reversible character of the adhesive
degradation through the T, recovery level.

4 Conclusions and perspectives

The influence of a cyclic hygrothermal aging on
assemblies bonded with epoxy adhesive Permabond
Loctite® ESP 110 was investigated in this study. Severe

long-term environmental conditions were considered,
involving several water phase changes of state. Mechan-
ical characterizations at the assembly scale (SLJ shear
tests) and at the bulk material scale (tensile tests) were
conducted, associated with physico-chemical analyses on
the adhesive material. Throughout the aging process,
the failure mode of SLJ remains cohesive while their
behavior comes to be more brittle with a clear deterio-
ration of their mechanical strength. First analyses on the
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Fig. 11. Typical failure facies of SLJ assemblies for different aging times: (a) ¢ = 0 day, (b) t = 1 day, (¢) t = 3 days, (d)
t = 21 days, (e) t = 42 days, (f) t = 56 days.
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Fig. 12. SLJ shear test according to cyclic aging: (a) failure forces, (b) failure displacement.

evolution of physico-chemical and mechanical properties
on the bulk adhesive show an important water uptake
inside the adhesive related to a strong deterioration
of its glass transition temperature. The water change
of state during cyclic aging seems to explain the evo-
lution towards a more brittle mechanical behavior of
the adhesive very specific to present severe conditions,
which would then be responsible for the damage observed
in SLJ structures. Characterizations for longer aging
times of bulk specimens could help understanding the

long-term behavior and specially the stabilization
observed on assemblies. Other tests would provide also
interesting information, such as FTIR analysis to investi-
gate the evolution of the structural chemistry of the adhe-
sive, desorption procedures and tensile tests with loading-
unloading phases on aged bulk materials. This will provide
crucial elements to identify physical and/or chemical dam-
age phenomena induced within the adhesive, specially
due to water phase changes involved under these severe
conditions.
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