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a b s t r a c t

In this work a DGEBF epoxy monomer was cured by electron beam radiation in the presence of an
iodonium salt and the obtained system was hydrothermally aged as such and also after a thermal
treatment, in order to obtain two systems having different uniformity in the cross-linking degree. On
both systems, the transient stress field arising from swelling was measured and monitored by an optical
Photoelastic technique and the results were commented with reference to a thermally cured epoxy
system containing the same monomer and already discussed in a previous work. Beam samples with
identical dimensions, obtained from the irradiated systems, have been aged at 80 �C in water, and
characterised by Gravimetric and DMTA tests. The results are compared also with already reported
swelling behaviour of similar thermally cured systems. It is observed that the different curing techniques
(radiation curing, radiation curing followed by thermal curing and thermal curing) determine a different
network structure and a different water chemical affinity, which influence the amounts of absorbed/
desorbed water, and the relative amounts of bonded/free water. Such differences affect the swelling
behaviour, and then the transient stress field. Photoelastic Stress Analysis has allowed to evaluate the
evolving stress field, providing a different point of view on the investigation of the material trans-
formations associated to water diffusion.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoset resins are used in various structural applications
such as matrices for composites, adhesive joining and coatings.
Traditional manufacturing processes use thermal curing of epoxy
monomers and/or oligomers in presence of various curing agents
[1e4], with a certain ability to tailor physical/mechanical properties
such as glass transition temperature, toughness and strength [4e7].

Alternative to thermal process, curing by interaction of ionizing
radiationwith apt epoxy formulations has been studied [8e13], due
to some potential advantages with respect to the more traditional
thermal process. In fact, ionizing radiation curing of epoxy resin can
be an environmentally friendly process, due to the possibility to
work at mild temperatures and without the use of organic solvents.
Furthermore, also the mechanical properties can be improved due
to the reduced presence of thermally induced stresses during
curing processing.

An important requirement of epoxy resins based materials for
x: þ39 091 23860840.
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structural applications is their ability to maintain the properties
within a fixed range during their operative life, i.e. to show signif-
icant resistance to the external aging factors such as thermal cycles,
water or in general solvents absorption and desorption, etc.
[14e18]. Among them, one of the more frequent ageing conditions
is hydrothermal ageing, due to both temperature cycles and water
absorption-desorption. In fact, water absorption induces some
important transformation in the mechanical behaviour of epoxies.
These include plasticization and degradation of the network
structure, which may affect the strength and fracture toughness
[19,20], and swelling, which may induce important internal
stresses [21].

It is accepted that the absorbed water is partly filled in the
polymer free volume and partly chemically bonded to the matrix
[22]. The relative amount of bonded and free water and the role of
each type of water in both swelling and degradation phenomena is
more complex to establish due to the mutual influence of several
factors. Some authors have suggested that the bonded water is the
main responsible for swelling [22e24], since such bonds are usually
bulkier than normal interchain hydrogen bonds [23], and Type I
hydrolysis decreases Van Der Waals interchain forces [22]. On the
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Fig. 1. Molecular structure of DGEBF monomer (a), Rh initiator (b).
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other hand, the formation of bonded water may induce changes in
the network structure of the resin, which may also affect the free
volume, and then the free water [4,25]. This changing scenario
leads to modifications in water absorption which may affect the
transitory as well as the final (equilibrium) properties of the aging
material in ways that are difficult to predict [17].

The concurrent mechanisms of swelling/un-swelling during
water absorption/desorption cycles are also particularly difficult to
investigate, due to the several mutual effects occurring, and to a
lack of reliable and simple measuring techniques. Hence, only few
works in the scientific literature have attempted to investigate such
transitory stages [21,25,26]. Some of the authors have recently
proposed a new approach to evaluate the transitory swelling/un-
swelling stresses, by means of Photoelastic Stress Analysis [21,27].
This technique, applied on thermally cured and differently cross-
linked epoxy resin systems, has resulted in a robust method able to
detect and monitor swelling stresses arising in transparent and
birefringent samples. In this way, it is possible to evaluate the
material in terms of its propensity to swell and to develop internal
stresses, correlating this property to the kinetics of water uptake
and to the thermal and mechanical properties of epoxy resin sys-
tems [27]. Furthermore, Photoelasticity is an ideal tool for evalu-
ating the aptitude of a thermoset resin system to develop
hygroscopic internal stresses from non-uniform swelling distribu-
tions, as can exist inwater transport transients, or at the interface of
different materials/phases.

The present work performs the Photoelastic analysis on two
epoxy resin systems made with the same DGEBF monomer, sub-
jected to hydrothermal aging up to equilibrium, followed by
desorption in a room temperature dry airborne environment. Both
monitored systems are cured by ionizing radiation, and one is
further treated with a thermal post-cure. These different prepara-
tions determine different network structures, and then different
water physical/chemical affinities, which influence the amounts of
water absorbed/desorbed, and the relative amounts of bonded/free
water. Such differences affect the swelling behaviour, and the
relative transient stress fields. Results are then compared with the
photoelastic response of the same monomer cured by traditional
thermal curing and already presented in a previous study [27].

2. Experimental procedure

2.1. Materials and sample preparation

The epoxy monomer is based on Bis(4-glycidyloxyphenil)
methane (DGEBF), (epoxide equivalent weight, 160e170), provided
by Sigma Aldrich. For radiation curing an onium salt, cumyltoly-
liodonium tetra(pentafluorophenil) borate (Rh 2047) supplied by
Rhodia Silicones, was used as initiator. The chemical formula of the
relative components are reported in Fig. 1.

The epoxy monomer was compounded with 0.1 phr of the
iodonium salt at 60 �C and stirred for about 30 min until the
initiator was dissolved in the resin. E-beam irradiation was carried
out, in steel moulds 150 � 150 mm, at the ISOF-CNR laboratory in
Bologna, Italy, with the 12 MeV Vickers type linear accelerator
whose technical characteristics are reported elsewhere [28]. The
irradiation dose rate was 80 kGy/h and the total dose was 100 KGy.
The resin blend was casted into an aluminium open mould flat
plate, having a smooth finish needed for preserving the sufficient
optical transparency required by the photoelastic analysis. During
irradiation the temperature of the polymerizing resin has been
recorded through a thermo resistor wired to a data acquisition
system interfaced to a computer. The thermal profile, here not re-
ported, revealed a temperature during irradiation always lower
than 60 �C.
After radiation cure, beam samples with nominal dimension of
36 � 8 � 3 mm were cut from the cured panels. Two lots of beam
samples were considered, one radiation cured (DGEBFirr) and
another thermally post cured in oven at 120 �C for 2 h after irra-
diation (DGEBFirr-pc). The choice of the DGEBF monomer is made
in order to compare the outcomes of the present characterisation
with the results from Ref. [27], where the same monomer is used
and equivalent sample beams prepared by thermal curing (here-
inafter referred as DGEBFt). DGEBFt was obtained curing the
monomer by a tertiary ammine in a thermal cycle at high tem-
perature and post curing the product material at 180 �C for 2 h.
These treatments give rise to a highly crosslinked structure.

Care was taken in order to prepare and pre-condition all sample
batches in a most similar way. Photoelastic Stress Analysis (see
section 2.4) was used throughout each preparation step, to monitor
the potential rise of internal stresses during cutting operations or
while exposing the samples to the working environment before
starting the hydrothermal aging. The following preparation pro-
cedure was in particular implemented:

1) Cured panels of all three batches were cut into beam sample
shape on a table saw;

2) DGEBFirr-pc and DGEBFt beam samples were post-cured in a
controlled oven. After the maximum post-cure temperature was
reached, samples were brought back to room temperature with
a very slow cooling of 24 h to avoid thermally induced residual
stresses;

3) The three batches of samples (the two post-cured and the one
simply cured), were then left for at least 24 h in a sealed
container containing calcium chloride salt, before entering the
hydrothermal aging bath.

Photoelasticity revealed that no meaningful internal stresses
were introduced at the end of each of the three steps mentioned
above.
2.2. Hydrothermal conditioning and gravimetric analysis

Hydrothermal aging of all cured samples has been carried out in
deionised water at controlled temperature of 80 �C for a total time
of about 1530 h. Desorption has been performed at room temper-
ature (maintained almost constant at 25 �C) in a small sealed
recipient (about 103 cm3) with a relatively high content of calcium
chloride salt to assure a dry airborne environment. In fact, in this
condition, the atmospheric moisture is not in equilibrium, since the
water vapour present in the air is not sufficient to the deliquescence
of calcium chloride.

For the photoelastic and gravimetric characterizations, the
specimens have been temporarily taken out of the bath a number of



Fig. 2. Sample scheme.
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times, throughout the duration of water sorption and desorption,
with a higher frequency in the initial stages of both absorption and
desorption. During these occasions, the samples have been wiped
off of surface water, and successively left to rest at room temper-
ature for about a minute. Finally, they have been weighed on a
0.01 mg resolution electronic balance for the gravimetric analysis,
and placed in the polariscope for the acquisition of photoelastic
images. The weighing results have been plotted in terms of per-
centage of mass uptake Mr versus time t, according to the follow
equation:

MrðtÞ ¼ ðMðtÞ �Mð0ÞÞ=Mð0Þ (1)

where M(t) is the weight at the time t, M(0) is the initial weight
before the hydrothermal aging.

The gravimetric analysis, in the absorption and desorption
process, has been carried out until no further significant mass
change was observed.

2.3. Dynamic-mechanical-thermal analysis

Dynamic-mechanical-thermal analysis has been performed by a
Rheometrics DMTA V apparatus, equipped with a three point
bending fixture, in a temperature swift mode, in the 20e300 �C
range at a heating rate of 10 �C/min. The strain level was set at
0.02% and the frequency was 1.8 Hz. Storage modulus (E0) and loss
factor (tand) versus temperature were recorded.

The temperature corresponding to the tand curve peak has been
assumed as the value of Tg.

DMTA has been carried out for each hydrothermal conditioning,
at three different stages of aging: initial (not aged samples), satu-
rated (water uptake equilibrium), desorbed (at equilibrium).

2.4. Photoelastic Stress Analysis

Photoelastic Stress Analysis (PSA) is a well consolidated exper-
imental technique able to provide full field maps of stresses [29]. In
Transmission Photoelasticity, a transparent and birefringent ma-
terial sample is positioned in series with other optical filters (all of
which compose the Polariscope). Light, emitted by either mono-
chromatic or white-light sources, travels through the polariscope,
undergoing some wave transformations at the crossing of each
optical element. In the case of a circular polariscope setup, the light
intensity I coming out of the polariscope, and recorded by a digital
photo-camera, is found to be related with the stress field by the
following relationships [29,30]:

Iðx; yÞ ¼ Io sin
2ðpdÞ (2)

d ¼ Cd
l
ðs1 � s2Þ (3)

So the light intensity is modulated over the sample surface as
described by Eq. (2), forming a number of fringes. Equation (3)
states that light intensity is in particular related to the difference
of the in-plane principal stresses, s1-s2, through the calibration
factor Cd/l, where d is the sample thickness, l the light wavelength,
and C the photoelastic constant of the material [29].

In this work, a special configuration of circular polariscope is
used, obtained by rotating the Analyser plate in the polariscope,
and acquiring three images at three different orientations: Tardy
Phase Shifting Method (TPSM) [30e32]. The combination of the
three images allows for an effective measure of d in eq. (1). Per-
forming the unwrapping of the periodic d, and rescaling by the
calibration constant Cd/l, provides the values of (s1-s2) along a
chosen path in the sample. A detailed description of the analytical
steps in the TPSM procedure can be found in Refs. [30,31].

In this work, the PSA and the TPSM are applied at different in-
tervals in time, taking the aging samples out of the thermal bath
and placing them in the polariscope for the photoelastic images
acquisition. This procedure takes only few minutes, and was found
to have no substantial influence on the water absorption kinetic
[21,27]. All stored images where then post-processed and the TPSM
applied along the vertical axis of symmetry from the edge (y/W¼ 0)
to the centre (y/W ¼ 0.5) of the rectangular samples (see Fig. 2),
thus providing the stress vs time and stress vs position curves re-
ported and commented in the results section.

By means of PSA, it is then possible to monitor the in-plane
stress field evolution during the transitory stages of water diffu-
sion and desorption, up to equilibriums. In particular, it has been
found that the internal stresses detected by PSA arise due to the
non-uniform material swelling that characterizes the transitory
stages [21]. In particular, the entity and evolution of such stresses is
believed to be dependent on the network structure of the material
and its chemical interactions with the diffusing solvent [27].
3. Results and discussion

3.1. Properties before aging

In order to investigate the effects of ageing on the properties of
the epoxy systems a preliminary characterisation was performed
on unaged samples, as reference.

Curves of the storage modulus E0 and loss factor tand as function
of the temperature are reported in Fig. 3. DMTA investigation of
similar irradiated systems, cured in different irradiation conditions,
has been carried out in Refs. [14,33], where the dynamic mechan-
ical thermal behaviour is in particular correlated to the material
fracture toughness [14], and to the molecular structure through
solid state NMR analysis [33].

In accordance with the findings in Ref. [14], the present irradi-
ated system DGEBFirr shows two well distinguishable relaxation
peaks in the tand curve, indicating a not uniform crosslinking de-
gree, due to vitrification effects related to the low irradiation
temperature. Such vitrification phenomena are overcome by the
post-irradiation thermal treatment at a temperature value close to
the first temperature peak. This treatment in fact, as shown in Fig. 3,
causes the disappearing of the first peak [8,13], giving rise to a
higher crosslinked and more uniform structure.

The different uniformity of the crosslinking density in the irra-
diated systems has been confirmed by solid state NMR analysis
[33], which evidenced a correspondent different uniformity of the
nuclear relaxation times.

In the same Fig. 3 the DMTA curves of the thermally cured
sample is reported as comparison, showing a well defined
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relaxation at very high temperature, indicating a more uniform and
more cross-linked system with respect to the irradiated systems.

In Table 1, both the temperatures and tand values, corresponding
to the maximum value of tand curves, are reported. Looking at
Table 1, both irradiated systems show a significant lower cross-
linking density with respect to the thermally cured resin from
Ref. [27]. This effect is due to the above mentioned vitrification
phenomena, not entirely eliminated by post irradiation thermal
curing, and to the different formulation between the irradiated and
thermal systems. In fact, as already said in the experimental, the
thermally cured system includes a tertiary ammine as curing agent
[27] instead of the initiator used in the radiation curing.

3.2. Water uptake

The gravimetric curves are reported in Figs. 4 and 5 for the ab-
sorption and desorption process, respectively. The average values of
Mr % measured on three nominally identical samples are reported.
The standard deviation of all measured weights never exceeds
0.14% of the respective average weight, indicating a low data
dispersion. Absorption values related to both saturated and des-
orbed equilibrium conditions are reported in Table 1.

It is noticeable that, at saturation, the irradiated systems show a
lower absorption with respect to the thermally cured system. Pre-
vious work has suggested that a higher crosslink density, such as
that of the thermal system, determines an intrinsically smaller
chain mobility, causing a less compact system, and hence a higher
free volume [4,16,34,35], which can explain the higher amount of
absorbed water.

The different behaviour between DGEBFirr and DGEBFirr-pc can
instead be related to a different chemical affinity with water. In fact
DGEBFirr may have a higher amount of polar reactive groups, due to
the presence of not-yet reacted epoxy groups together with other
reactive groups formed during radiation curing, such as hydroxyl
groups and frozen free radicals [1,14,36,37].
Table 1
DMTA and gravimetric results for irradiated and thermal systems (for tand curves showi

System Temperature of
tand peak [�C]

tand Saturated
condition

Irradiated 114; 146 0.38; 0.40 2.96
Irradiated and thermally post cured 152 0.34 2.28
Thermally cured [27] 202 0.60 3.28
For each system, the diffusion coefficient D (diffusivity) is re-
ported in Table 1, calculated by fitting experimental data with a
Fick's second law model, assuming the last monitored values of
water uptake as representative of the equilibrium condition [34].
Diffusivity indicates the rate by which absorbed/desorbed water
approaches the equilibrium value in the initial stages of absorption/
desorption, and as such, it can be seen as an indicator of the kinetics
of reactions involving water uptake. The irradiated systems show a
similar diffusivity, higher with respect to that of the thermally
cured resin.

The desorption process, monitored up to the formation of a
consolidated plateau, indicates the permanence of a significant
residual water content in all systems (Fig. 5aeb and Table 1). The
relative amount of residual (not-desorbed) water at desorption
equilibrium, given by (Mr_des/Mr_sat)%, is higher for DGEBFt, with a
value of about 52%, while DGEBFirr and DGEBFirr-pc have respec-
tively 38% and 27%. Desorption has been carried out at room tem-
perature, activated by an external controlled dry airborne
environment. Then it can be assumed that the desorbed water is
mainly weekly bonded (or Type I) water and free water. Unlike the
absorption process (which was favoured by higher temperatures), a
general lower kinetics can now be observed, as also indicated by
the desorption diffusivity values (Table 1). Moreover, the desorp-
tion process in the thermal system shows a slower diffusion coef-
ficient (see Table 1), even though equilibrium is reached earlier, due
to a higher residual water content with respect to the irradiated
systems. In particular, DGEBFt reaches the equilibrium in desorp-
tion after about half time (3000 h) with respect to the irradiated
systems [27].

The higher residual water in DGEBFirr with respect to DGEBFirr-
pc can be attributed to the different affinity of the resin to chemi-
cally bond with water. In fact, as already discussed for the ab-
sorption process, the presence in DGEBFirr of more unreacted
groups (epoxy and hydroxyl groups), makes it more prone to form
type II multiple hydrogen bonds with water [22,24]. This makes the
ng more than one peak, the value of each peak is indicated).

Mr_sat %
Desorbed
condition Mr_des %

Absorption
Diffusivity D [cm2/s]

Desorption
Diffusivity D [cm2/s]

1.12 2,72E-08 5,32E-09
0.62 2,97E-08 8,77E-09
1.71 1,71E-08 1,45E-09
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desorption process at room temperature less effective, causing the
higher residual water content in DGEBFirr.

In summary, regarding absorption, it can be said that the higher
amount of absorbed water in DGEBFt, with respect to DGEBFirr and
DGEBFirr-pc, is likely due to a higher amount of freewater, favoured
by a higher free volume. DGEBFirr is expected to have the higher
amount of bonded water due to a better chemical affinity, and
DGEBFirr-pc absorbs the least amount due to both smaller free
volume and lower chemical affinity. Regarding water desorption at
room temperature, the thermal system has the higher amount of
water at equilibrium, that is likely immobilised free water [24]. For
the irradiated systems, although DGEBFirr has more bonded water,
it desorbs less than DGEBFirr-pc probably due to the presence of
stronger bonds favoured by a higher amount of polar groups.

3.3. DMTA

The dynamic-mechanical analysis was also performed at the
absorption plateau (saturated), and at the end of desorption (des-
orbed). All results are reported in Fig. 6. The tand peaks and the
corresponding temperature values from DMTAs are reported in
Table 2.

Looking at Fig. 6, plasticization/degradation effects are always
observed after water absorption, evidenced by the shift of the tand
curve towards lower temperatures. In particular, for the irradiated
system a single tand peak in between the two peaks relative to the
initial condition is found, indicating the formation of a more uni-
form crosslinked structure. This behaviour was already observed
and described for similar systems formed by radiation cured blends
of epoxy resins and PES thermoplastic, and has been interpreted
with the increased mobility of the macromolecular chains, during
ageing [11]. During absorption, the water molecules act as plasti-
cizers for the polymeric chains with a double effect, the lowering of
the crosslinking density of highly crosslinked clusters (plasticiza-
tion), and the compacting of the network due to the completing of
the cure reactions of the less crosslinked parts. This last effect can
be attributed to both the increased mobility of the macromolecule
chains and the mild thermal curing during ageing.

After desorption, the irradiated system maintains a single
relaxation peak in the tand curve, at a temperature value slightly
lower than the second peak of the initial condition, which is a
further evidence of the irreversible completion of curing reactions
occurring during the whole water absorption/desorption process.
The peak at the desorption condition is at a temperature value
higher than that of the saturated condition, according to the
removal of part of the plasticizing water, and it remains slightly
lower than the second peak of the initial condition.

Regarding the DGEBFirr-pc system, the decrease of the tem-
perature corresponding to the relaxation peak after water absorp-
tion can be essentially related to plasticization effects. After
desorption an almost complete recovery of the initial Tg can be
observed.

A different behaviour characterizes DGEBFt (see Table 2, and the
DMTA curves in Ref. [27]). It was observed that DGEBFt exhibits a
relatively bigger drop of Tg, going from the initial to the saturation
conditions. Furthermore, it forms a double peak at saturation,
which is instead eliminated in the irradiated systems. Finally, at the
end of desorption, a difference of about 30� remains between the
tand peaks at the initial and the desorbed equilibrium condition,
which is significantly bigger then the equivalent difference
exhibited by the irradiated systems. Such more severe trans-
formations in the tand curve of DGEBFt could be a consequence of
the higher amount of water absorbed, and the less amount water
desorbed by this system.

3.4. Photoelastic Stress Analysis

As already reported in Refs. [21,27], Photoelastic Stress Analysis
(PSA) is a further characterisation that can be implemented during
water absorption/desorption, to evaluate the average in-plane
stress components as induced by non-uniform water
concentration.

During the absorption stages preceding saturation, the outer
zones of material near the sample surface develop a bigger swelling
deformation, due to a higher amount of bonded water in these
zones. Such swelling is restrained by the inner part of the sample,
which has not yet been reached by water. This non-uniform
deformation generates an internal self-equilibrated stress field,
where the inner material develops traction along the beam main
axis, while the outer material develops compression [21]. As water
diffuses in the inner parts of the sample, and equilibrium is thus
approached, swelling tends to reach a maximum, but also a more
uniform distributionwhich de-facto reduces the internal constraint
and thus relaxes the stresses. When the swelling becomes uniform
due to a complete water uptake of the whole sample (saturation
condition), stresses are also fully relaxed. In this condition, the
sample is not un-strained, but uniformly swelled.

During desorption a similar rationale is followed. The outer
zones of material release the absorbed water more rapidly than the
inner sample. This generates a not uniform un-swelling, where the
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Table 2
Tand peaks and relative temperature values (for tand curves showing more than one
peak, the value of each peak is indicated).

DGEBFt [27] DGEBFirr DGEBFirr-pc

Tg [�C] tand Tg [�C] tand Tg [�C] tand

Initial 202 0.6 112; 146 0.38; 0.39 152 0.34
Saturated 142; 168 0.41; 0.32 121 0.45 129 0.41
Desorbed 171 0.59 143 0.41 148 0.35
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sample now get loaded in traction in the outer near-surface zones,
and in compression in the inner zones. The quantitative TPSM
analysis described in Sec. 2.4 has confirmed the above interpreta-
tion, by finding that the internal swelling stresses during desorp-
tion are opposite to those developed under absorption [21].

A quantitative analysis of the swelling stress versus time has
been performed along the y-axis of symmetry (from the edge to the
centre of the sample, see Fig. 2). The curves of sx versus time,
relative to the centre of the sample (y/W ¼ 0.5), are shown in Fig. 7
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aging history.

The kinetics of stress evolution in Fig. 7 is similar for all systems,
while stress values are rather different. The curves relative to the
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irradiated systems are always below the one of the thermally cured
system. In particular, DGEBFirr shows significant lower stress
values. As previously said, stresses are induced by non-uniform
swelling. In turn, swelling is believed to be mainly induced by
bonded water [22,24,38]. The gravimetric data indicated that
DGEBFt absorbs more water, but this was mainly composed by free
water. It was also postulated that the irradiated systems somewhat
favour bond water to free water, due to their higher chemical af-
finity, and smaller free volume. Therefore, it is plausible that the
higher stresses in DGEBFt are rather related to its higher Tg (see
Table 2), which suggests that this system is also more rigid in a
mere mechanical sense.

The above rationale, i.e. higher network rigidity induces higher
internal stresses, is still applicable to explain the differences be-
tween the two irradiated systems. In fact, DGEBFirr-pc has a higher
stress than DGEBFirr, although the former absorbs a less amount of
water. As commented in section 3.3, DGEBFirr develops a not uni-
form crosslinking density, witnessed by both lower Tg values and
the presence of two relaxation peaks (see Fig. 6 and Table 2), while
DGEBFirr-pc has a higher Tg and a single peak relaxation. This
feature is an indication of a much higher internal mobility of the
network in DGEBFirr, which translates in a higher compliance in
terms of response to internal stresses.

Fig. 7b reveals also an interesting feature regarding the kinetics
of hygroscopic stress evolution. The peak stress in the centre of the
sample is reached when the relative amount of absorbed water,Mr,
is about half the saturation value, Mr_sat. Moreover, the trend of
stress vs relative water uptake is similar for all three systems.

The photoelastic analysis carried out along the y-axis of sym-
metry, and calculated at the time when the maximum hygroscopic
stress occurs, is shown in Fig. 8. This figure confirms the lower
stresses reached by the irradiated systems, with respect to the
thermally cured one, also on the edge of the sample, where the
stress component becomes negative (compression).

Furthermore, it is possible to observe that in DGEBFt the posi-
tion of the neutral axis (i.e. the coordinate where the stress
component sx is zero) is closer to the sample upper edge, while the
peak compression stress is about twice bigger than that in the
irradiated systems. These features confirm the intrinsically stiffer
behaviour of DGEBFt with respect to the irradiated systems.

Analogues curves of the hygroscopic stress relative to the
desorption transitory are reported in Figs. 9 and 10.

Fig. 9 shows that sx at the centre point, y/W ¼ 0.5, is now always
negative (i.e. compression). The three systems still exhibit a similar
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trend, as in absorption, but with different values of the stress and,
this time, also different kinetics. In particular, the irradiated sys-
tems now reach higher stress values than DGEBFt. Moreover, they
seem to evolve significantly slower (see Fig. 9a).

The arising of a stress field in desorption is associated to the
ability of the material to un-swell, mainly by relieving bonded
water. It is found that the outer zones of material un-swell faster
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due to the interaction with the dry airborne environment, thus
compressing the material inner zones. A noteworthy result from
Fig. 9 is that all three systems seem to still have a certain degree of
residual compression at the reach of desorption equilibrium. This
could be correlatedwith the difficulty of the samples to fully relieve
all the bonded water (see also section 3.1), and in particular the
bonded water in the inner parts of the sample, thus hampering a
complete internal stresses relief. Fig. 9a also shows that after the
peak formation, the stress has a much slower decay, compared to
absorption, justified by the large difference of temperature of the
two processes.

The irradiated systems exhibit also a significantly slower ki-
netics of stress evolution than DGEBFt, as shown in Fig. 9a. Fig. 9b
plots the stress versus the amount of desorbed water, normalised
by the total absorbed water. All systems have a similar trend, where
it is clearly seen that the stress peak is achieved after most of the
water is desorbed. This is better seen in Fig. 9c, where the stress is
plotted versus the fraction of desorbed water. This plot is the
equivalent for desorption of Fig. 7b. As in absorption, also in
desorption the trend is similar, with the peak stress of all systems
falling between 75 and 85% of desorbed water (this percentage was
about 50% in absorption).

Another outcome from Fig. 9 is that, contrary to what found
with absorption, the irradiated systems now reach a higher peak
stress than DGEBFt. This is true for the centre point in compression,
plotted in Fig. 9, but also for the traction at the border. Fig. 10 re-
ports the hygroscopic stress along the y-axis of symmetry when the
maximums occurs. The stress component sx near the edge is now
positive (tensile), conversely to the absorption process, and the
higher value of sx is still reached by DGEBFirr. The fact that such
residual edge stresses in desorption are traction stresses of a quite
significant amount should rise some concern. It means that the
desorption processes might provide potential fracture energy to
possible edge cracks present in the material [19].

The lower stresses developed by the thermal system during
desorption could be due to its higher free volume, in part restored
with the regaining of high Tg (see Table 2). Part of the released
bonded water in the inner parts of the sample may transform into
free water, remaining inside the material (which justifies also the
least value of desorbedwater found for DGEBFt). The loss of bonded
water inside the sample would determine a certain unswelling of
the kernel, thus reducing its constraint action towards the
unswelling edges, and then helping to relax the whole stress field.
Conversely, the DGEBFirr would release more bonded water from
the sample edges, keeping a higher constraint with the unswollen
kernel, which favours the reach of higher stresses. As already
observed for absorption, the DGEBFirr-pc exhibits an intermediate
behaviour, with peak stresses more comparable to DGEBFt, and an
evolution that is more similar to DGEBFirr (see Figs. 9a and 10).

4. Conclusions

The present study, progressing from recent works [21,27], has
confirmed the potentials of Photoelastic Stress Analysis (PSA) to
evaluate hygroscopic stresses during water absorption/desorption
of epoxy resin systems, which can retain transparent and bire-
fringent properties after preparation. Ionizing irradiation curing is
in particular considered, leading to not uniform cross-linking net-
works. Application of PSA has evidenced that absorption and
desorption activates swelling induced internal stresses with
significantly different features.

Combining the present results with those from equivalent
thermally cured epoxies [27], it is confirmed a general trend that
the swelling stresses during absorption increase with increasing
material Tg. This could suggest that a more rigid network, associ-
ated to a higher Tg, reacts to the same swelling deformation with
higher stresses. The rate of internal stress evolution during ab-
sorption, in samples with nominally identical dimensions, instead
seems to be little influenced by the different materials properties
such as Tg, water diffusivity and absorbed water at equilibrium.

Since swelling is mainly induced by bonded water, it is possible
that the observed kinetic behaviour is due to the fact that the rate of
bonded water formation in the studied systems is similar, regard-
less of the absolute amount of bonded water and the differences in
water diffusivity.

Desorption at room temperature induces some peculiar be-
haviours, with a reverse in the sign of stresses arising from non-
uniform material un-swelling. In particular, sample edges may
develop traction stresses, providing potential fracture energy to
edge cracks/notches. A significant amount of residual water at
desorption equilibrium is also found, as well as the permanence of a
residual stress field. This may confirm the existence of a type II
bonded water, as well as trapped free water, which can be both
difficult to expel out at room temperatures. Contrary to absorption,
in desorption the higher hygroscopic stresses have been observed
in systems with lower Tg, and this trend is common for the present
irradiated systems and for the thermal systems of [27]. Further-
more, the kinetics of stress formation during desorption is now
different (contrary to absorption), with thermally cured system
showing a faster evolution.

Summarising on the findings for the DGEBF monomer based
epoxies, from amere stress behaviour, the irradiated plus thermally
post-cured system, DGEBFirr-pc, exhibits probably the best
compromise with respect to both pure irradiation (DGEBFirr) and
pure thermal curing (DGEBFt). In fact, DGEBFirr-pc has low stresses
in desorption (similarly to DGEBFt) while keeping a slow stress
kinetics (similarly to DGEBFirr). It also has lower stresses in ab-
sorption (similarly to DGEBFirr) while keeping a relatively high Tg
and a lower water absorption. These results evidence a great po-
tentiality of e-beam irradiation as a suitable process to obtain epoxy
systems for use as matrices in advanced materials such as carbon
fibre composites in the field of aeronautic and aerospace
applications.
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