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Thermal cycling in space environment can cause physical aging of polymers used in structural adhesive bonded

joint. Later, they can initiate failure. A methodology to follow physical aging effects on their thermal, mechanical

and dielectric properties is applied to a commercial epoxy adhesive. The analytic description, using Tool,

Narayanaswamy and Moynihan model gives a good description of the enthalpy relaxation. It is completed by a

phenomenological analysis of the evolution of the adhesive thermal transitions, mechanical properties and mo-

lecularmobility. Tested samples with bonded assembly are representative of in service configurations. The influ-

ence of physical aging on the adhesive and the associated bonded assemblies is analyzed.

1. Introduction

Adhesively bonded joints used in space applications are subjected to

large temperature variations under high vacuumduring themission [1].

Thermal cycling tests are required to evaluate their ability to withstand

the expected thermal cycling. These accelerated testing are based on

space industry knowledge and European Cooperation on Space Stan-

dardization normative data [2]. It recommends an informative approach

to assessing the effects of thermal cycling onmaterials. An abundant lit-

erature has been devoted to the prediction of failure which is linked to

the nonlinear viscoelasticity [3]. The analysis of the evolution upon

aging of linear viscoelasticity in structural adhesive bonded joint has

been considered more recently. Last data [4] showed that, in absence

of oxidative environment, there is no influence of the vacuum on

aging phenomena: they are only governed by temperature variations.

Epoxy networks exhibit an amorphous structure and they are solicited

on either side of their glass transition temperature. Temperature varia-

tions or isothermal steps can cause structural relaxation [5–7] of the ad-

hesive in the bonded joint, also known as physical aging phenomena.

Physical aging [8–10] is associated with the instability (non-

equilibrium state) of amorphous materials in the glassy state.

Molecular segmental rearrangements lead to a change in the

molecular mobility and the free volume of the polymer to reach the

equilibrium thermodynamic state. Properties controlled by these

two parameters are therefore affected.

Enthalpic studies are often used to evidence physical aging phenom-

ena. Evolutions are analyzed in terms of enthalpy and glass transition

temperature evolutions as a function of various static [11,12] or dynam-

ic [12,13] thermal histories. They are useful to obtain analytic descrip-

tions of the enthalpy relaxation. The mechanical behavior of polymeric

systems can be diverse: tensile yield [14], vitreousmodulus [15,16],me-

chanical losses [17], and low temperature relaxation modes [16].

These studies are useful to evaluate and describe effects of enthalpy

relaxation on the bulk adhesive. Structure and properties of epoxy ad-

hesives can differ in a bonded assembly configuration, especially in

the case of aluminum substrates. Some changes in chemistry are ob-

served, resulting from specific interactions between adhesive and ad-

herents during curing reaction [18–20]. This specificity has to be taken

into account in order to insure the reliability of aging studies. Thermally

stimulated depolarization current [21] can be used to take into account

this specificity. This technique is particularly suitable to investigate

physical aging of polymer [22–25]. Bonded assemblies may be consid-

ered as a plane capacitor. Using aluminum substrates as electrodes,

the interface between adhesive and substrate is preserved [26].

The aim of thiswork is to investigate physical aging phenomena on a

complex commercial adhesive to verify the reliability of components

and structures. Since the glass transition temperature of this adhesive

is rather low, a possible long term deformation of the adhesive if sub-

jected to a mechanical stress can occur in its operational temperature

range. This study might allow us to propose a methodology providing
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a complete description of physical aging phenomena of a structural

bonded joint.

2. Experimental

2.1. Adhesive

The adhesive is a commercial amine–epoxy bicomposant adhesive.

The two parts are prepared and a nozzle allows us to make and extrude

the mix with an accurate repeatability. The precise composition is not

given by the furnisher but some data are available. The hardener (part

A) is a mix of several components where aliphatic amine is preponder-

ant. The part B is based on diglycidyl ether of bisphenol-A epoxy resin

mixed with other components (fillers, catalyst…). This adhesive is

toughened by a blend of polybutadiene and thermoplastic copolymers.

Parts A and B are mixed at room temperature (ratio 2:1). The curing

process is 7 days at 21 ± 2 °C.

All the sampleswere heated up to 150 °C prior to the experiments to

erase previous thermal history, and to stabilize the adhesive structure.

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a

PerkinElmer Pyris Diamond apparatus under helium. The heat flow be-

tween a reference and the sample was measured by power compensa-

tion. Uncured adhesive was cast in sealed aluminum pans. The curing

process occurred in these pans: this protocol guarantees a good thermal

contact between the sample and the pan. The sample weight was rang-

ing from 5 to 15 mg.

2.3. Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) was performed on a

Rheometrics Scientific ARES of TA Instruments under nitrogen. Tests

were carried out in torsion rectangular mode over the linear elasticity

range (angular frequency ω = 1 rad · s−1; strain γ = 0.01%). This

technique allows us to access to the complex shear modulus G*(ω,T):

G  ω; Tð Þ ¼ G
′
ω;Tð Þ þ i G

″
ω;Tð Þ ð1Þ

where G′ is the dynamic conservativemodulus, and G″ is the dissipative

modulus.

2.4. Thermally stimulated current analysis

The thermally stimulated current (TSC) analysis [21,27] was per-

formed on a TSC II of Setaram under helium. The sample configuration

is adapted to introduce a “gap” which limits the charge transport be-

tween the capacitor electrodes [28]. The uncured adhesive was applied

in a thin layer (250–500 μm) to the aluminum circular lower electrode

(diameter = 10 mm). After the curing process, two 100 μm diameter

silica spacer fibers were placed between the adhesive layer free surface

and the upper electrode to create the air gap (Fig. 1).

3. Results and discussion

3.1. Enthalpy relaxation

The first thermal history [29] explored to evidence enthalpy relaxa-

tion of the adhesive is shown in Fig. 2. In the DSC apparatus, the sample

is cooled from80 °C to an annealing temperature Ta = 25, 30 and 35 °C

just lower than Tg during an annealing time ta = 0, 10, 60, 120, 360 and

600 min. The temperature is lowered to a temperature T0 = −50 °C

well below Tg at a rapid cooling rate (−40 °C · min−1). The thermo-

gram ismonitored during heating (+20 °C · min−1) to 80 °C. This pro-

tocol is useful to evaluate the effect of dwell time imposed by the

normalized thermal cycling procedure. The glass transition temperature

of the rejuvenated adhesive is about 25 °C.

When the annealing time is higher than 10 min, an endothermic

peak is superimposed upon the sigmoidal change in the heat flow asso-

ciated with the adhesive glass transition temperature. The amplitude

and themaximum temperature of this peak increase with an increasing

annealing time. The annealing temperature influences this overshoot:

for the same annealing time the overshot is always higher in intensity

and temperature for a 30 °C annealing. The 35 °C annealing tempera-

ture is too closed to Tg to observe any effect of enthalpic relaxation:

epoxy chains are in the rubbery state and are not affected. At 25 °C,

the evolutions due to thermal history are slow. Differences between an-

nealing times are limited.

Fig. 1. Sample configuration including “air gap” for TSC experiments.

Fig. 2.DSC scans for samples after annealing for an increasing time (in the order of increas-

ing peak intensity) at the temperature indicated against each curve.

Fig. 3. DSC scans for samples after slowing cooling rates (in the order of increasing peak

intensity).



In Fig. 3, the enthalpy relaxation is also analyzed as a function of the

cooling rate qc [30]. The sample is heated to 80 °C (up to its Tg). The

temperature is lowered to a temperature T0 = −50 °C well below Tg
at a constant controlled cooling rate qc = −40,−20,−10,−5,−3,

−1,−0.5 and−0.25 °C · min−1. The thermogram is monitored dur-

ing heating (+20 °C · min−1) to 80 °C. The thermograms show an en-

dothermic peak superimposed on the glass transition. The peak

intensity increases when the cooling rate slows down. The enthalpy re-

laxation is therefore greater when the cooling rate is slow. Regarding

this kind of thermal history, the overshot maximum temperature does

not vary.

The peak associated to physical aging exhibits a large temperature

distribution, contrary to the ones observed after annealing (Fig. 2).

The glass transition temperature is largely distributed on this epoxy net-

work due to a strongheterogeneity of the network. The “varying cooling

rates” thermal history involves an enthalpic relaxation on the entire

range of this distribution. The “annealing” thermal history selects only

a part of the distribution:

− In the low temperature range of the transition, the annealing tem-

perature is too far. The enthalpy relaxation kinetic is slow compared

to the time scale of this kind of experiment.

− In the high temperature range, annealing occurs in the rubbery state

and does not have any effect.

Both thermal histories do not influence significantly the onset and

the inflection point of the transition, whatever the aging state. The

Tool, Narayanaswamy and Moynihan (TNM) model [31–33] is used to

describe the structural relaxation based on the fictive temperature con-

cept, Tf, defined by Eq. (2).

Z

T0

T f

Cp;r−Cp;g

! "

dT
′
¼

Z

T0

T

Cp−Cp;g

! "

dT
′

ð2Þ

where Cp is themeasured heat capacity, Cp,g and Cp,r respectively are the

heat capacities at the glassy and the rubbery states, and T0 is the refer-

ence temperature beyond Tg wherein the system is in equilibrium.

The thermograms in Fig. 3 reflect various structural states of the net-

work in the glassy state, dependent on the thermal history. These states

are described by Tf, which is plotted in Fig. 4 as a function of tempera-

ture and cooling rate. For temperatures above the glass transition, the

adhesive is in an equilibrium state (rubbery state). The fictive tempera-

ture follows the equilibrium curve Tf = T for every cooling rate. In the

glassy state below the glass transition, Tf departs from the equilibrium

curve and reaches an asymptotic value, called the limiting fictive tem-

perature T′f. These values are reported in Table 1. The cooling rates of

−40 °C · min−1 and−20 °C · min−1 result in an identical structural

state of the glass. For a cooling rate slower than−20 °C · min−1, the

limiting fictive temperature decreases when the cooling rate is slower.

Error bars are associated to the determination of Tg at ±1 °C. These

values of T′f are used to calculate the activation energy associated with

the structural relaxation, thanks to Eq. (3).

d ln qcj j=d 1=T
0

f

! "

¼ —▵h
⁎
=R ð3Þ

where qc is the cooling rate, Δh⁎ is the activation enthalpy, and R is the

gas constant.

The variation of the logarithmic value of the cooling rate is plotted as

a function of the inverse of T′f in Fig. 5. This variation is a linear function.

The calculated activation energy is Δh⁎ = 520 ± 20 kJ · mol−1 (the

uncertainty is associated with the linear regression). This value is

lower than the one measured for most epoxy networks [6], however it

is consistent with partially cured epoxy networks [12,34]. The adhesive

studied has a longer aliphatic sequence (18 methylene groups) and it is

partially cured [35]; it can explain the low value of the activation

enthalpy.

3.2. Mechanical relaxations

The influence of physical aging on the adhesive mechanical proper-

ties is evaluated by dynamic mechanical analysis in Fig. 6. The protocol

of varying cooling rates is extended to a larger temperature range to

study the influence of cooling rate on the localized molecular mobility.

The range of cooling rates available is reduced by the large temperature

range studied and by sample sizewhich limit heat transfers. The sample

is heated to 150 °C. The temperature is lowered to a temperature

T0 = −130 °C at a constant controlled cooling rate qc = −5, −2,

−1 and−0.7 °C · min−1. The experimental sample size and the DMA

apparatus temperature control do not allow working with the same

cooling rate range than with DSC. The isochronous evolution G′ and G″

is recorded as a function of temperature (heating rate: 3 °C · min−1).

The four thermograms recorded after each cooling rate are

superimposed and do not show any significant differences. A curing

study has been previously achieved and it showed that the curing is

complete when the adhesive is heated up to 150 °C after the 7 day cur-

ing process at room temperature. The conservative modulus G′ on the

Fig. 4. Fictive temperature as a function of temperature for various cooling rates.

Table 1

Limiting fictive temperature as a function of cooling rate.

|qr|

(°C · min−1)

40 20 10 5 3 1 0.5 0.25

T′f

(°C)

29.6 29.4 28.3 26.7 26.6 25.0 24.0 23.0

Fig. 5. Logarithm of cooling rate as a function of reciprocal T′f.



vitreous and rubbery plateaus is equivalent whatever the thermal

history.

The G″ thermograms show that themechanical energy dissipation is

equivalent in the four cases. Three relaxation modes are evidence on

these thermograms [36]. The β peak at−84 ± 1 °C is associated with

the mobility of the O\CH2\CHOH\CH2 hydroxypropylether units

and/or phenyl ring flips. The αPBd peak at −54 ± 3 °C is associated

with the anelastic manifestation of the glass transition of the polybuta-

diene phase dispersed in the epoxy network. It is an amine terminated

butadiene-acrylonitrile copolymer. Theα peak at 55 ± 1 °C is associat-

edwith the anelasticmanifestation of the epoxy glass transition. The re-

laxationmodes are not influenced by the different thermal history. Even

if DSC experiments reveal that different aging states are produced by

this cooling rates (Figs. 3 and 5), the analysis of the G′ and G″ values

does not allow their discrimination.

3.3. Dielectric relaxations

The influence of physical aging on the α-relaxation mode is investi-

gated by thermally stimulated current (TSC) on Fig. 7. This peak is the

dielectric manifestation of the glass transition. The air gap configuration

makes it possible tomove the conductivity front to higher temperatures

and to access to α-mode signal. The presence of an interface between

adhesive and metallic substrate ensures a certain representativity of

the sample compared to operational configuration (adhesively bonded

joint). The sample is heated to 100 °C to erase its thermal history.

The temperature is lowered to a temperature T0 = −30 °C well

below Tg at a constant controlled cooling rate qc. The sample is then

subjected to an electrical field (E = 200 V · mm−1) during heating

(+7 °C · min−1) to 100 °C. During this heating ramp, the polarization

current is measured to monitor the complex relaxation spectrum.

Thermocurrents of the rejuvenated adhesive exhibit a widely dis-

tributed peak between−15 °C and 50 °C. Its maximum is 31 °C and it

has a shoulder in its low temperature range associated to network het-

erogeneities mobility. When the cooling rate is lowered the peak maxi-

mum temperature shifts to higher temperatures. The distribution

function associated with this relaxation is also affected since the peak

amplitude increases and width at half-height decreases.

Temperatures andmaximum intensities of theα peak are plotted in

Fig. 8 as a function of the cooling rate on a logarithmic scale. As de-

scribed qualitatively in Fig. 7, the peakmaximum temperature increases

from 32.5 °C after the cooling at 20 °C · min−1 to 36 °C after cooling at

0.25 °C · min−1. The experimental uncertainty, due to thermal control

in TCS apparatus and electrometer measurement range, induces an

error of ±0.5 °C and ±5fC · m−1. Similarly, the amplitude increases

by 0.2 pS · m−1 between these two thermal histories. Changes in in-

tensities and peak maximum temperatures are linear with the loga-

rithm of the cooling rate. The evolution of the width at half height is

not presented here: it follows a linear decrease of about 2 °C between

the two extreme aging states. All the evolutions of these parameters

are consistent with previous studies [21,24]. They are limited, which is

consistent with measurements of DSC (no change in the position of

the glass transition temperature) and DMA (no change in viscoelastic

properties and molecular mobility). The low frequency TSC technique

is suitable to characterize slight evolutions of the molecular mobility

due to physical aging.

4. Conclusion

The thermal cycling effects on the physical aging of a commercial

epoxy adhesive have been studied in bonded joint configuration. A com-

plete characterization of these phenomena is reached using static and

dynamic thermal histories on thermal, mechanical and dielectric analy-

ses. In spite of the complex formulation of the adhesive, the physical

aging is well described by the TNM model in terms of enthalpy relaxa-

tion. This analytical description of physical aging shows that the aging

activation energy is low. The phenomenological approach allows us to

study the influence of the cooling kinetics and isothermal steps. The var-

ious thermal histories (DSC and DMA) do not influence the thermal

transitions and mechanical properties of the adhesive. Since the glass

transition temperature of this adhesive is rather low, a long term defor-

mation of the adhesive if subjected to a mechanical stress remains pos-

sible in its operational temperature range. A new sample configuration

has been tested to improve the relevance of dielectric measurements

on adhesively bonded joints. In preserving an interface between

Fig. 6. Conservative and dissipative shear modulus as a function of temperature after var-

ious cooling rates.

Fig. 7. Dipolar conductivity of adhesive samples after various cooling rates. A magnifica-

tion at the peak maximum is shown in the insert. Fig. 8. Temperature and amplitude of the α-peak maximum as a function of cooling rate.



adhesive and aluminum substrate, the air gap prevents the contribution

of conductivity and gives access to the dielectric manifestation of the

glass transition. The efficiency of this configuration has been proved:

the slight evolutions of molecular mobility at Tg can be followed. Such

methodology providing thermal, mechanical and dielectric parameters

associatedwith representative test configurationswas particularly rele-

vant to describe the physical aging of bonded assemblies.
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