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abstract

In this paper, we study the hygrothermal aging of an anhydride-cured epoxy under temperature and

hygrometry conditions simulating those experienced by an aircraft in wet tropical or subtropical regions.

Gravimetric and dimensional measurements were performed and they indicate that there are three

stages in this aging process: thefirst one, corresponding to the early cycles can be called the“induction

stage”. The second stage of about 1000 cycles duration, could be named the“swelling stage”, during

which the volume increase is almost equal to the volume of the (liquid) water absorbed. Both thefirst

and second stages are accompanied by modifications of the mechanical properties and the glass tran-

sition temperature. During the third (“equilibrium”) stage, up to 3000 cycles, there is no significant

change in the physical properties despite the continuous increase of water uptake. This can be explained

by the fact that only physically sorbed water can influence physical properties.

1. Introduction

Epoxy-based materials are utilized in many engineered struc-

tures, ranging from large civil infrastructures[1]to microelectronics

[2]because they offer strong mechanical properties along with

thermal and chemical stability. An importantfield of application is

the one of carbone/epoxy composites that exhibit adaptability dur-

ing the design[3]and high-level integration during the

manufacturing process[4]. In particular, recent developments in the

aeronautical industry have highlighted the important role of com-

posite materials in improving aircraft design[5]. These composites

have been introduced in primary components such as the fuselage.

Under service conditions, such components are subjected to varied

environmental conditions that can lead to material degradation[6e

8]. Exposure to water vapor simultaneously with cyclic temperature

changes is the predominant cause of degradation related to the

outdoor environment. Although the phenomenology aging of the

laminated composites can appear to be very complex[6,7,9e11 ],a

mandatory starting point is to understand the evolution of the

properties of the constitutive resin. Many studies considered tem-

peratures above 25 C, but few addressed aging under representa-

tive cold (40 C) and warm (70 C) conditions. An experimental

analysis of the aging of bulk polymer is therefore required to identify

the key mechanisms and provide the necessary database for the

simulation of the whole aging process.

First of all, a general understanding of the phenomenology of

aging is necessary. We review, in the following, the effects of the

water penetration in the polymer, which can be divided into

physical interactions and chemical effects.

1.1. Physical interaction

Thefirst step in any hydrolytic aging process is the penetration

of water into the organic matrix. Water is more or less soluble in

epoxies, depending on the polar group content of the polymer,

especially groups able to establish strong hydrogen bonds with

water molecules. Experimental evidence of such hydrogen bonds,

on the basis of NMR[12,13], from structureesolubility relationships

[14]or from the analysis of the heat of dissolution[15]is extensive.
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Thefirst important point is that the predominant part of the

absorbed water molecules is effectively dissolved in the matrix (i.e.,

form a single phase with the polymer). The glass transition tem-

perature (Tg) of such a mixture is expected to be between the glass

transition temperature of the dry polymer (Tgd) and the one of

water (Tgw). This latter temperature (w120 K) is considerably lower

than that of the epoxy (generally>300 K). As a result, water

penetration induces a noticeable depression in theTgof hydrophilic

epoxies, a phenomenon called“plasticization”. According to the

free volume theory, the free volumes of both polymer and water are

additive[16]. Using many simplifying hypotheses, this theory leads

to the following relationship[17,18]:

1

Tg
¼
1

Tgd
þAplmw (1)

wheremwis the mass fraction of the water in the mixture andAplis

a so-called“plasticization coefficient”, which can be expressed, in

the simplest case, by:

Apl¼
1

Tgw

1

Tgd
(2)

Aplranges from about 5.510
3K1forTgd¼ 80 C to about

6.5103K1forTgd¼270C. These relationships lead to:

dTg
dmw

¼ AplT
2
g (3)

thus, dTg=dmwranges between 685 K forTgd¼80C to 1770 K for

Tgd¼270 C. This leads to aTgdepression per percent (mass) of

absorbed water that ranges from about 7 K forTgd¼80C to about

18 K forTgd¼270C.

Analysis of NMR[13,19]or dielectric spectra[20,21]reveals,

however, the coexistence of hydrogen-bonded and free water

molecules. These latter could be present in clusters; in this case,

they would not participate in polymer/water interactions. The

knowledge of the total mass fraction of the water in the polymer

might therefore not be sufficient to characterize the system.

Another important consequence of water dissolution in polymer

matrices is swelling. A simple expression of volumetric effects

resulting from water dissolution in a polymer is:

V¼VpþVLþcVpVL (4)

whereVpandVLare the respective volumes of the polymer and

liquid andcis a so-called“interaction coefficient”. In the case of
water, cis negative. In other words, water penetration in the
polymer is accompanied by a contraction of the mixture but this

contraction is not strong enough to inhibit the swelling totally[22].

This means that 0>c> V 1
P .

In the transient regime of diffusion where water concentration

gradients exist across the sample’s thickness, differential swelling

induces a stress state[23e25]. Schematically, absorption induces

compressive stresses in the superficial layers while desorption in-

duces tensile stresses. These self-equilibrated stress states can be

severe enough to introduce micro-damage, which can, in turn,

modify the water sorption characteristics.

For a wide family of amine-cured epoxy networks (with com-

plete curing), there is no possibility of chemical reactions with the

water and the only possible degradation process is damage by

swelling stresses in the transient diffusion regime.

1.2. Chemical reaction

Amine-cured epoxies that contain an excess of epoxy groups

and anhydride-cured epoxies contain hydrolyzable groups (epoxy,

ester, anhydride). In these cases, chemical polymer-water in-

teractions complicate the aging behavior.

In the presence of unreacted epoxy or anhydride groups, hy-

drolysis can modify the diffusion behavior, which can turn from a

Fick to a Langmuir process[26,27]. This has no direct effects on the

polymer’s mechanical behavior because hydrolysis does not affect

the crosslink density.

In contrast, ester hydrolysis, in polyesters or in anhydride-cured

epoxies, induces chain scission. This results in a decrease in the

crosslink density and network embrittlement. Also, chain scission

generates small molecular fragments and can induce osmotic cracking

[28,29].

Coupling of physicoechemical aging processes with mechanical

loading is, then, a key objective and has inspired a relatively

abundant literature[9e11,30]. As far as hydrolysis is concerned,

reactionediffusion coupling must be taken into account. After the

pioneering work of Golike and Lasoski in the early 1960s[31], there

was, to our knowledge, no significant work on diffusion-controlled

hydrolysis during the last half century. Recently, our group pub-

lished a study proposing a new formulation for reactionediffusion

coupling kinetics and its application to hygrothermal aging of

anhydride-epoxy matrices[27].

It is worth noting that a similar framework exists for the

oxidation of epoxy networks containing aliphatic structures.

Literature reviews have been published[32,33]on this topic. Oxy-

gen reacts with these groups, at relatively high temperatures, and

this contributes to material aging via network degradation[34]and

via shrinkage induced oxidation[6,35].

Here, we study the behavior of an anhydride-cured epoxy under

non-steady conditions similar to those of aeronauticflight conditions.

We consider two extreme climates, one simulating the ceilingflight,

characterized by low temperature (40C), and the other simulating

ground storage in a warm (70C), wet (90% RH) environment. In the

following section, we describe the material and we detail the exper-

imental procedures used to monitor the polymer’s behavior. Then,

experimental results are reported for mass uptake, the changes in the

glass transition temperature and the thermomechanical and hygroe-

lastic properties. Finally, we highlight the sorption mechanisms and

the relationships with the evolution of the polymer’s properties.

2. Experimental

2.1. Material and samples

The material used in this study was a commercial epoxy resin

(EPOLAM 2063, Axson Technology) based on a mixture of diglycidyl

ether of bisphenol A (DGEBA) with a cycloaliphatic epoxide hard-

ened by nadic methyl anhydride (also from Axson Technology).

Both components were liquid. They were mixed and stirred at 80C

for 15 min. The mixture was then cast in an aluminum mold to

prepare 1 mm thick plates. The plates were then cured for 6 h at

80 C and post-cured for 6 h at 180 C to obtain as complete con-

version of the epoxide-anhydride reaction as possible.

Neat polymer samples were cut using a diamond saw. The

samples were conditioned in a dessicator at room temperature

prior to aging.

2.2. Exposure conditions

Specimens for aging were placed inside an environmental

chamber where both temperature and relative humidity were



controlled to 0.3 C and 2% RH, respectively.Fig. 1shows the

arrangement of the samples inside the chamber. They were in-

clined to avoid stagnation of the condensed water on their surface.

The system was designed to ensure good ventilation of the whole

chamber volume. Thermocouples (type T-316SS12-U-T4) were used

to monitor the temperature at each rack as the temperature may

have varied inside the climatic chamber. The maximum variation in

the temperature was about 15C when the programmed temper-

ature reached 70C.

Cycling was preceded by a holding stage of 12 h at 70C and 90%

RH. This stage was immediately followed by the cycling as sche-

matized inFig. 2. High humidity (90% RH) was maintained during

the portion of the cycle in which the temperature exceeded 55C. It

remained higher than 70% RH at temperatures above 25C. It was

almost zero during the low temperature part of the cycle. It should

be noted that, for temperatures below 25 C, and particularly for

negative temperatures (<0C), the diffusion and reaction processes

are significantly slower than they are during the hot stage. The

temperature ramps were 2 K/min for cooling and 5 K/min for

heating. Exposures up to 3000 cycles were run.

To monitor the polymer degradation, samples were tested at

pre-defined numbers of cycles between 0 and 3000. The specimens

were tested at a high frequency up to 500 cycles, because we ex-

pected rapid changes in the polymer’s properties. Then, experi-

mental data were collected at a lower frequency until the end of the

campaign (i.e., 3000 cycles). As depicted inFig. 2, samples were

collected during the cooling phase when the temperature

approached 25 C. Certain samples, unaltered by characterization

methods, were reintroduced in the chamber, also during the cool-

ing phase at 25C. In the following section, each experimental

method is described.

2.3. Characterization

2.3.1. Gravimetric and volumetric properties

Two identical specimens of 60 40 1mm3were frequently

taken out from the chamber for gravimetric and density mea-

surements. After being tested, these samples were returned to the

chamber.

An analytical balance (Ohaus DV214CD, precision of 0.1 mg)

along with an integrated density kit were used to monitor the mass

and the volume changes during the entire aging period. The aged

specimens were removed from the chamber, carefully wiped and

immediately tested. Experiments were conducted at the ambient

temperature (22.5 0.5C). The measurement procedure consisted

of the following steps:

First, specimens were weighed to monitor the evolution of the

global mass uptake (mw), which is derived from the sample

mass (ms) according to Eq.(5):

mwðNÞ¼
msðNÞ m0s
m0s

(5)

wherem0sis the initial mass of the sample andNis the number of

cycles.

Second, the polymer’s density was measured using Archimede’s

method. Specimens were weighed in a pan that was immersed

in distilled water. The specimen’s density (rs) was then calcu-
lated according to Eq.(6):

Fig. 1.Schematic representation of the environmental chamber where samples were placed and exposed to cyclic hygrothermal aging.

Fig. 2.Schematic representation of the hygrothermal cycling utilized for accelerated

aging.



rsðNÞ¼rd
msðNÞ

msðNÞ miðNÞ
(6)

where rdwas the density of the distilled water and miis the
resulting reading of the mass when the sample is immersed in

water. The relative variation of the polymer’s density, denoted as

rw,isdefined as follows (Eq.(7)):

rwðNÞ¼
rsðNÞ r0
r0

(7)

The volume change (Vw) is then derived from the mass uptake

and the density change according to the following expression

(Eq.(8)):

VwðNÞ¼
VsðNÞ V0
V0

(8)

whereVsis the volume of the aged samples andV0is the initial

volume of the specimens.

2.3.2. Mechanical testing

First, tensile tests were performed on the epoxy samples that

were not submitted to environmental conditions to determine the

initial tensile properties (Young’s modulus, Poisson’s ratio). The

tests were conducted on an INSTRON machine under a constant

extension rate of 2 mm/min. The dog-bone-shaped specimens were

prepared as per the ASTM standard D 638-03. The respective initial

tensile modulus, Poisson’s ratio, stress to failure and strain to failure

were: 3.1 GPa; 0.3; 50 5 Mpa; 2 0.15%, respectively.

Second, monitoring of the degradation of the mechanical

properties during aging was achieved by instrumented indentation

tests (microindentation, Nanovea company). Specimens of

40 40 1mm3were removed from the chamber and carefully

wiped. Then, the polymer plates were glued on top of a 10 mm thick

stainless-steel substrate. The time that elapsed before the inden-

tation test was started was less than 15 min. The tests were per-

formed on nine locations of the samples following a 3 3 array

with 0.5 mm spacing. We used an indentor with a 200mm diameter
spherical tip (diamond). The experiments were performed at a

constant load rate (2 N/min) during loading and unloading. After

reaching the maximum level of 4 N, the load was maintained for

15 s and the creep displacement was recorded.

The load-displacement curves were analyzed to estimate the

elastic modulus and the hardness of the material (ASTM standard

E2546). First, the reduced modulus (Er) was derived from Eq.(9):

ErðNÞ¼

ffiffiffiffi
p
p

2

ScðNÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ApðNÞ
p (9)

where Scis the contact stiffness calculated from the unloading

curve andAp is the projected contact area. The indentation

modulus (EIT) and the hardness (HIT) were then computed

following Eq.(10)and Eq.(11):

EITðNÞ¼ 1 n2s

"
1

ErðNÞ

1 n2
i

Ei

#1

(10)

HITðNÞ¼
Fmax
ApðNÞ

(11)

whereniandnsare the Poisson’s ratios of the indentor tip and the
epoxy. As afirst approximation, we assumed thatnswas not
affected by the aging.

2.3.3. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was conducted in the

single cantilever mode at a frequency of 1 Hz (Netzch DMA242).

DMA specimens were 10 0.07 mm in width, 1 0.03 mm in

thickness and 35 0.2 mm in length. Viscoelastic properties were

measured at temperatures ranging from 25 C to 225 C with a

heating rate of 5 K/min. These tests were used to determine the

glass transition temperature.

It is worth noting that the DMA tests were started about 15 min

after the aged samples were taken out from the environmental

chamber. In addition, we evaluated the amount of water that would

be desorbed during a DMA experiment. For this purpose, we con-

ducted thermogravimetric analysis under similar conditions as

those for the DMA tests. We found that more than 90% of the sorbed

water remained within the polymer when the temperature reached

the glass transition temperature. This was a good indication that

the glass transition temperature, derived from the DMA curves, was

significant to the aging process.

2.3.4. Strain measurement

A data acquisition system (System 7000 from Vishay Company)

was used to collect the strain and the temperature signals during

hygrothermal cycling. For this purpose, two epoxy specimens were

instrumented with strain gauges. The temperature in the vicinity of

each sample was measured by thermocouples (TC-3 and TC-4). The

reference temperature wasT0¼23 C. Regularly, strains and tem-

peratures were acquired during a period of two to three cycles. The

dedicated samples were 15 0.5 mm in width, 1 0.03 mm in

thickness and 65 0.5 mm in length.

3. Results

3.1. Water uptake

The evolution of the mass accounts for the overall amount of

water sorbed by the polymer. We previously showed in Ref.[27]

that the studied epoxy system displays non-Fickian behavior. The

short-term isothermal sorption experiments revealed two stages in

the mass uptake[27].Fig. 3shows that the mass uptake under

hygrothermal cycling corroborates the results of the sorption ex-

periments under isothermal conditions. In fact, the mass uptake did

not stabilize even after 3000 cycles. We identified three stages:

A rapid mass increase of about 1% was observed following the

soak time (12 h at 70C and 90% RH).

From thefirst cycle to 250 cycles, the mass uptake increased at a

decreasing rate.

After a transition at 250 cycles, the mass of the samples

increased linearly with respect to the number of cycles.

3.2. Dimensional changes

During the hygrothermal cycling, both the temperature and the

humidity contributed to the dimensional changes.

The evolution of the total in-plane linear (L) hygrothermal strain

(εL
ht
ðT;NÞ) versus the temperature is plotted inFig. 4. From a

global viewpoint, this deformation can be partitionned into a

thermal one (εLt) and a hydric one (ε
L
h
) that can be both a function

of the temperature (T) and the number of cycles (N).Fig. 4shows

that the total in-plane strain evolves linearly with the temper-

ature and the curves shift up with the number of cycles. As afirst

approximation, we can reasonably assume that the total strain

could be partitioned as follows (Eq.(12)):



εLhtðT;NÞ¼ε
L
tðT;NÞþε

L
hðNÞ (12)

Therefore, we calculated the coefficient of thermal expansion

(CTE,a) as the derivative of the in-plane strain with respect to the
temperature (Eq.(13)).

aðT;NÞ¼
vεL
ht
ðT;NÞ

vT
(13)

Interestingly, we found that the CTE did not experience any

detectable change with the number of cycles. Also, it appears that

the coefficient has a tendency to increase with the temperature. It

ranges from 61 106C1at 30Cto75 106C1at 70C. Then,

the hydric in-plane strain (εL
h
) was obtained after subtracting the

thermal strain from the total strain.

We measured the evolution of the volume change at the

ambient temperature (Vw) as a function of the number of cycles

(Fig. 5). This only accounts for the moisture-induced swelling

because it was measured at the reference temperature chosen

for the thermal strain,T0.

The variation in the volume also exhibits several stages:

eA rapid volume increase of about 0.5% was subsequent to the

soak time (12 h at 70C and 90% RH).

eFrom thefirst cycle to 250 cycles, the material swelled line-

arly with the number of cycles.

eBetween 250 cycles and 1000 cycles, the volume of the

samples continued to increase linearly but at a rate that was

reduced.

eFinally, after 1000 cycles, it appears that the volume

remained mostly constant (about 1.5%).

Assuming that the hygroelastic behavior was isotropic, we can

estimate an equivalent hydric strain from the volume uptake ac-

cording to Eq.(14).Fig. 6shows that it is comparable to the in-plane

strain,εL
h
(measured using strain gauges).

εVhðNÞ¼
Vw
3

(14)

3.3. Glass transition temperature

We evaluated the effect of aging on the glass transition tem-

perature by means of DMA. The retained definition of the glass

transition temperature (Tg) was based on the tanðdÞpeak. This peak
revealed neither splitting nor significant broadening, supporting an

efficient dissolution of water in the polymer.

The evolution of the glass transition temperature in relation to

the number of cycles is shown inFig. 7. The water uptake resulted in

a decrease in the glass transition temperature. Contrary to the mass

uptake and the volume change, the evolution of this quantity with

the number of cycles was not monotonic.Fig. 7reveals three stages:

A rapid decrease was observed during thefirst 200 cycles.

Then,Tgreincreased slowly between 250 cycles and 1000 cycles.

This particular observation is in agreement with the results re-

ported by Zhou and Lucas[13].

Finally,Tgremained mostly constant until the end of the aging

campaign.

3.4. Mechanical properties

The effect of aging on the polymer’s mechanical behavior was

monitored by means of instrumented indentation tests. The initial

value of the indentation modulus (3.02 GPa) was very close to the

tensile modulus obtained on dog-bone-shaped samples (3.1 GPa).

Fig. 8shows the modulus changes, which were clearly correlated to

Tgchanges. It can be reasonably supposed that both evolutions

resulted from the same processes.

Variation in the hardness is shown in relation to the number of

cycles inFig. 9. Similarly to theTgand the modulus, the hardness

Fig. 3.Mass uptake in relation to the number of cycles.

Fig. 4.Total in-plane hygrothermal strain (εL
ht
ðT;NÞ) versus temperature.



decreased rapidly during thefirst stage of water uptake. A slow

increase can be surmised in the second stage, but it was partly

masked by the scatter. The variation in the maximum creep

displacement after 15 s is shown inFig. 10. Similarly to the other

properties, it varies (increases) rapidly during thefirst stage but

remains almost constant during the rest of aging campaign.

4. Discussion

In the previous section, we reported experimental results on the

sorption kinetics, the thermomechanical and hygroelastic behav-

iors, and the glass transition temperature. In the following, we

propose a degradation scenario that is consistent with the above-

mentioned results.

4.1. Sorption mechanisms and kinetics

Let usfirst consider the mass uptake kinetics (Fig. 3). The

absence of equilibrium suggests the existence of a chemical reac-

tion in which water molecules are incorporated in the polymer

structure, i.e. a hydrolysis phenomenon. At low conversions, hy-

drolysis behaves as a zero-order process, i.e., at an almost constant

rate, which explains the linear shape of the curve in its second

stage. As afirst approximation, the whole mass uptake,mw, can be

divided into two parts (mw ¼m
1
wþm

2
w). The water uptake,m

2
w,

during the second stage, which accounts for the hydrolysis reaction

and the hydrophylicity increase[27], can be approximated by the

following equation:

m2w ¼4:17 106N (15)

By subtractingm2wfrom the whole mass uptake,mw, we obtain a

curve,m1w ¼mw m2w ¼fðNÞ, with an horizontal asymptote of

which the ordinate (m1sw¼0.0175) would correspond to the initial

equilibrium concentration of the physically sorbed water. Thefirst

stage thus corresponds to the physical absorption of water. The

kinetics presumably obey Fick’s law but this is difficult to confirm

owing to the lack of data in the early period of exposure for mass

uptake values lower than 60% of the equilibrium value. Neverthe-

less, Fickian behavior was confirmed by the results of gravimetric

experiments reported in a previous paper[27]on the same

material.

Diffusion and reaction processes occur at different time scales,

which we discuss in the following by considering the characteristic

time of the temperature variations.

According to our previous work, the coefficient of diffusion of

water at 50 Cis5 1012m2s1. The characteristic time of

diffusion,tD(h
2=D), for samples of 1 mm thickness (2h) would be of

the order of a few tens of hours at 70C. It would be 6e20 times

longer at ambient temperature depending on the activation energy

of diffusion (presumably 30e50 kJ/mol). These data suggest that

most of the water uptake results from water absorption during the

initial holding stage which is presumably not very different from

the characteristic time of diffusion. In contrast, this is significantly

longer than the characteristic time,tc(Eq.(16)), of cooling, which is

defined as:

tc¼
1

T

dT

dt

1

(16)

At 70 C, thetcis of the order of 10
3s compared with 105s for

diffusion. It thus appears that temperature changes are presumably

too fast to induce important changes in the water concentration.

Indeed, the difference betweentDandtcincreases when the tem-

perature decreases. In other words, we can suppose that most of

the water transport occurs in the hot/wet stage of the cycle. The

water distribution in the sample thickness is rapidly“frozen”when

the temperature begins to decrease.

Eq.(15)suggests interesting supplementary information. The

mass uptake in the second stage is 4.17.10 6g of water per initial

gram of polymer per cycle. This quantity corresponds to about

Fig. 5.Relative volume change in relation to the number of cycles.

Fig. 6.Comparison between the in-plane hydric strain and the global strain derived

from the volume change assuming isotropic hygroelastic behavior.



2.8.104mol/L. cycle. According to [27], the water solubility in-

crease contributes about a third to the mass uptake measured in the

second stage at 50 C. The actual duration,tH, of the hot/wet

plateau of the cycle is 15 min 5 min. Assuming that most of the

hydrolysis events occur during this plateau and that only 2/3 of the

mass increase results from hydrolysis, we estimate the hydrolysis

rate,r:

r¼
2

3

2:8 104

tH
w2:1 107mol:L1s1 (17)

This value is slightly high compared, for instance, with that for

unsaturated polyester (2e15) 107mol.L 1s1at 100 C and

approximately 7 times lower at 70C (with an activation energy of

about 70 kJ/mol[36]). This means that the species undergoing

hydrolysis is more reactive with water than is a common aliphatic

or aromatic ester.

Finally, property changes can be interpreted, at least atfirst

glance, on the basis of the following simple scenario: thefirst stage,

of a duration presumably shorter than 200 cycles, is dominated by

Fig. 8.The indentation modulus in relation to the number of cycles.

Fig. 9.Hardness in relation to the number of cycles.

Fig. 7.Variation of the glass transition temperature in relation to the number of cycles.

Fig. 10.Maximum creep displacement during the indentation test in relation to the

number of cycles.



the physical sorption of water. During this stage, the total water

concentration in the polymer increases, hydrolysis begins but its

conversion remains low and its effects on properties are negligible.

The main physical processes affecting polymer properties are

plasticization and swelling. At the end of thefirst stage, sorption

has reached its equilibrium and the total water concentration will

undergo changes linked, for instance, to the build-up of highly

hydrophilic groups (alcohols and acids) resulting from hydrolysis.

4.2. Plasticization

Considering that the equilibriumTgvalue is 147C and the mass

uptake at equilibrium is 1.75%, theTgdepression per percent is:

DTg=Dmw12.6 K/%. This value is about double the theoretical value
(7 K/percent) according to Eq.(3). This is not surprising, given that

water is a peculiar solvent because its miscibility with other sub-

stances is mainly governed by the possibility of establishing very

strong secondary (hydrogen) bonds with the polar groups of the

partner. What we see here is that water seems to be a more efficient

plasticizer than would be a non-polar or moderately polar solvent

having the sameTg.

IfTg¼fðNÞeffectively displays a secondary maximum during

the second stage, we can reject the hypothesis of secondary

crosslinking proposed by Zhou and Lucas[13]in a similar case

because of the occurrence of“decrosslinking”. The decrease after

1000 cycles would be extremely difficult to justify. It seems to us

better to envisage an effect of the swelling process occurring in this

stage.

4.3. Mechanical properties

Fig. 11a shows that the indentation modulus is not correlated

with the mass uptake. Indeed, after 250 cycles, the mass of the

sample continues to increase while the modulus slightly recovers.

On the contrary,Fig. 11b points out a remarkable correlation be-

tween the glass transition temperature and the elastic modulus. It

can be reasonably postulated that both evolutions result from the

same processes.

The rapid modulus decrease during thefirst stage (Fig. 8)is

usually interpreted in terms of plasticization but this is not obvious.

As a matter of fact, in several cases, as well in linear polymers as in

epoxy networks, plasticization is accompanied by a modulus in-

crease in the temperature interval between thefirst sub-glass

transition (Tb) andTg [37]. This phenomenon, called anti-

plasticization, could however be specific to polymers displaying an

intense dissipation band at (Tb), which is not the case for

anhydride-cured epoxies and more generally tridimensional poly-

esters. It is difficult to interpret this small (maximum 7%) change in

terms of material structural changes only, because during this

period, the water is not homogeneously distributed across the

sample thickness, which generates a stress state and can modify the

material’s mechanical response.

About half of the initial decrease is recovered during the second

stage. Here also, it seems reasonable to establish a relationship

between this phenomenon and the swelling that occurs during this

stage. It should be noted that the evolution of the modulus is

another element to reject the hypothesis of secondary crosslinking

[13]because it would not be sensitive to crosslinking at room

temperature. It is tempting to suppose that all the changes that

occur between about 250 and 1000 cycles are linked to transient

processes and that this value of 5% corresponds to an equilibrium

state corresponding to an equilibrium concentration (1.75%) of

physically sorbed water. During the third stage (beyond 1000 cy-

cles), the modulus remains almost constant, differing from the

initial value by about (5 0.6)%.

In addition, the hardness is relatively well correlated to the

modulus:HwE=10. The maximum creep displacement during the

indentation test is more sensitive than the modulus or the hardness

because it increases by about 20% during thefirst stage. Then, it

remains almost constant for the remainder of the aging campaign.

4.4. Volumetric properties

The curve of volume change (Fig. 5) has the same shape as the

mass uptake one, at least until 1000 cycles. The volume increases

rapidly in thefirst stage at a continuously decreasing rate. It con-

tinues to increase in the second stage at a reduced but almost

constant rate. During thefirst stage, water penetration in the

sample is accompanied by a contraction because the volume in-

crease is smaller than the volume of (liquid) water absorbed

(Fig. 12).

The curve inFig. 12and the evolution of density (Fig. 13) can be

schematized into a three-stage process. During thefirst stage,

which corresponds to thefirst cycles, swelling is low. This type of

behavior has been observed in several polymers among which are

Fig. 11.The empirical relationship between the indentation modulus and (a) the mass

uptake and (b) the glass transition temperature.



epoxides[38,39]and polysulfones[40]. Thefirst stage (few cycles)

is dominated by sample“filling”with no or little swelling. In fact,

despite the observed contraction (according to Eq.(4), the inter-

action coefficientcwould be negative), there is globally a volume
increase (i.e. 0>c>V 1

p ) and thus swelling stress effects. During

the second stage, the volume increase is almost equal to the volume

of the (liquid) water absorbed. This stage stops after about 1000

cycles. In this second stage, we can estimate the coefficient of hy-

dric expansion (b), as depicted inFig. 14. Hence, the second stage is
dominated by swelling during which the polymer-water system

approaches physical equilibrium.

With longer exposures (third stage), there is no more sample

expansion, which is consistent with the hypothesis that all the

supplementary water absorbed in this period is chemically bound

to the polymer and does not participate in swelling. Hence, the

third stage is dominated by chemical incorporation of water into

the macromolecules with no swelling.

5. Conclusion

In this paper, we described in detail the aging behavior of an

anhydride-cured epoxy resin under hygrothermal conditions. We

reported important results on the sorption kinetics, the thermo-

mechanical and hygroelastic behaviors, and the glass transition

temperature. The different stages observed in the evolution of the

targeted quantities (mw,Tg,EIIT, etc.) indicate the complexity of the

aging process. We hence proposed a degradation scenario that is

consistent with our experimental observations.

Our line of reasoning is mainly based on dimensional mea-

surements, particularly on the relationship between the volume

change and the water uptake. We considered this result as the most

relevant to describing the complex evolution of the polymer’s

properties during cyclic hygrothermal aging. Three main stages

were identified:

The“induction stage”during which the water that penetrates

into the polymer has a small swelling effect. This results from

the competition between water-induced swelling and the

contraction effect characterized by the“interaction coeffi-

cient”,c.
The“swelling stage”during which the strain increases almost

linearly with water concentration, with the coefficient of hydric

expansion being:b¼5.23 106m3/mol (the water concen-

tration being expressed in mole per m3).

The“equilibrium stage”during which the supplementary mass

uptake is due to water incorporation to macromolecules as a

result of hydrolysis. This water does not contribute to swelling.
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