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A B S T R A C T   

The main goal of this paper is the evaluation of the properties reversibility of glass fiber reinforced polymers 
(GFRPs) under discontinuous exposure to aggressive environmental conditions, typical of marine applications. To 
this aim, the GFRP manufactured through vacuum infusion process has been initially aged in humid conditions (i. 
e., exposure to salt-fog at 35 ◦C) for 15 and 30 days and then stored under controlled dry conditions (i.e., 50% R. 
H. and 23 ◦C) for times varying between 0 and 21 days. In order to evaluate the recover capability of this 
material, its water uptake has been monitored along the quasi-static flexural properties during the entire humid/ 
dry cycle. Moreover, both 3D optical and scanning electron microscopes (SEM) have been used to analyze the 
morphology of fractured samples at different humid and dry times, thus correlating the properties evolution of 
the composite with its morphology. The main outcome of the present paper is an evident performances recovery 
shown by the investigated composite during the drying phase. Indeed, despite its flexural strength and modulus 
were reduced by about 20% and 10% after 30 days of salt-fog exposition, the GFRP composite evidenced a 
complete recovery of its initial mechanical performances after long drying times (i.e., 21 days). These findings 
clearly indicate that although some degradation phenomena occurred during the humid phase, their effects on 
both strength and stiffness of the investigated composite have proven to be mainly reversible.   

1. Introduction 

Glass fiber reinforced polymers (GFRPs) are widely used nowadays 
in several engineering fields such as automotive, buildings and marine 
thanks to their high good quasi-static and dynamic mechanical proper
ties, low weight, high corrosion resistance and reduced maintenance 
time and cost [1]. In particular, glass fiber reinforced polymers have 
been used in the nautical sector since about the 1950s to replace tradi
tional material like metal alloys or wood. Indeed, GRFPs are commonly 
used as light-weight materials in a wide variety of marine applications 
such as canoes, boats, ships, fishing trawlers, sonar dome and masts of 
submarines, low-pressure pipes and storage tanks [2–4]. However, 
GFRPs involve a very careful engineering and manufacturing design to 
guarantee a suitable mechanical behavior during their service life. 
Moreover, a further aspect that needs to be ensured is to offer adequate 
durability of the composite component while preserving the perfor
mance over time regardless of the severe environmental conditions in 

which it operates [5,6]. Therefore, numerous research activities have 
been carried out in the last years to understand better and deeper the 
aging behavior of GFRP materials as well as to propose developments in 
their design and manufacture [7–9]. 

The experimental investigation of the degradative phenomena of 
GFRPs under accelerated aging conditions represents a well-defined 
approach that allows to provide effective information to evaluate their 
mechanical stability over time [10–16]. However, it is essential to 
consider the conditions that best represent the uncertainty of natural 
aging under variable environmental conditions [17–19]. At the same 
time, to minimize the exposure time also preserving the environmental 
variability, the strategy of proposing aging cycles that integrate different 
environmental conditions has increasingly developed in recent years 
[14,20,21]. 

In this regard, Chilali et al. [22] coupled water aging with 
loading-unloading cycles, evidencing relevant decreases in the me
chanical performances of the aged composites (i.e., about 10% in the 
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stiffness) due to a considerable damage induced by water aging. An 
analogous approach was proposed by Malloum et al. [23], who evalu
ated the static and fatigue mechanical properties of flax fiber reinforced 
composites. The experimental results evidenced that specimens are 
more sensitive to both fatigue and water ageing phenomena. Cadu et al. 
[24] highlighted the importance to investigate further the durability 
issues of composite materials in cyclical environmental conditions. 

Aging cycles in which wet or humid phases are followed by dry 
phases can be considered useful to provide relevant information on 
materials durability in severe environments that simulate the real 
operating conditions [25–27]. 

The relevance of carrying out aging tests by evaluating the effect of 
absorption and desorption in wet/dry conditions was highlighted by 
Gunjal et al. [28], who investigated wood plastic composites. Sodoke 
et al. [29] assessed the effect of wet/dry aging cycles, with duration of 
up to 104 days, on the mechanical performances of natural fiber rein
forced composites with the purpose to understand better the 
physico-chemical modification due to the applied cyclic aging. 

In this context, the opportunity to evaluate the reversible and per
manent degradation phenomena occurring during accelerated aging 
tests was assessed in our previous papers about natural [30] and hybrid 
composites [31–33]. An added value can be surely represented by a 
deeper investigation of this issue regarding polymeric materials rein
forced by glass fibers: i.e., the most widely used materials for marine 
applications [34–37]. A further knowledge increase on the material 
durability under humid/dry cycles could also represent a step forward in 
the assessment of the degradative phenomena in severe environmental 
conditions. 

To this purpose, the main aim of this research is to evaluate the 
mechanical performance worsening of GFRP composites and their sub
sequent recovery, when they are exposed to a humid/dry aging cycle. In 
particular, three-point bending tests were carried out on woven glass 
fiber reinforced epoxy composites exposed to salt-fog for 15 and 30 days. 
Subsequently, a dry phase (i.e., 50% R.H. and 22 ◦C) at increasing time 
(i.e., in the range 0–21 days) was performed in order to evidence the 
performances recovery of the composite when the accelerated aging is 
interrupted. Furthermore, water uptake and desorption measurements 
were respectively carried out during humid and dry phases to discrim
inate the reversible phenomena from the irreversible ones. The 
morphological analysis of the fractured surfaces of aged and unaged 
samples was finally performed by using 3D optical and scanning electron 
microscopies. 

2. Experimental part 

2.1. Materials and methods 

A square GFRP composite panel (350 cm × 350 cm, nominal thick
ness 3.6 mm) was manufactured through vacuum assisted resin infusion 
(Fig. 1a) process by using a DEGBA epoxy resin SX8 EVO (Mates Italiana 
s.r.l., Italy) mixed with its own amine-based hardener (100:30 wt ratio) 
reinforced with 18 layers of plain weave woven glass fabrics having 
nominal areal weight of 200 g/m2 (Mike Compositi, Italy). In accor
dance with the matrix datasheets, the laminate was first cured at room 
temperature (25 ◦C ± 1 ◦C) for 24 h and then post-cured at 50 ◦C ± 1 ◦C 
for 15 h. 

2.2. Salt-fog/dry aging phases 

The main goal of this paper consists in the assessment of the me
chanical performance reversibility of a GFRP composite aged in humid 
or wet conditions (such as a marine environment) thanks to a subse
quent dry phase. 

To this aim, the GFRP composite was at first aged in the salt-fog 
climatic chamber model SC/KWT 450 by Weiss (Buchen, Germany) 
for 15 and 30 days, respectively (Fig. 1b). This “humid” phase was 
carried out according to the ASTM B 117 standard: i.e., by setting the 
temperature at 35 ◦C ± 1 ◦C and by using a 5 wt% NaCl solution (i.e., pH 
between 6.5 and 7.2) to obtain the salt-fog. In order to avoid the 
diffusion phenomena in the plane directions thus exalting the water 
diffusion through the thickness, the entire composite panel was aged in 
the salt-fog climatic chamber. This choice has allowed to hinder the edge 
diffusion effect in the composite. 

Then, forty samples for each salt-fog exposition time (i.e., 15 and 30 
days) were cut to their nominal dimensions (i.e., 13 mm × 64 mm) with 
the aid of a diamond blade saw. Afterwards, they were stored in a 
climate-controlled room up to 21 days at 50% ± 10% R.H and 23 ◦C ±
2 ◦C (“dry” phase, according to ISO 291:2008 standard, atmosphere 
class 2), before performing the quasi-static flexural tests (Fig. 1c). In 
particular, five samples were tested for each dry condition: i.e., 0, 0.5, 1, 
2, 3, 7, 11 and 21 days. 

All the investigated batches were codified as “G-WthDtd”, where th 
and td are numbers referred to the time intervals (expressed in days) of 
humid and dry phases, respectively. For instance, G-W15D21 code is 
referred to the batch exposed for 15 days to the salt-fog environment and 
then dryed in controlled conditions for 21 days. Similarly, G-W0D0 is 
referred to the unaged batch (i.e., reference). 

Fig. 1. Flow diagram of the experimental procedure: (a) composite manufacturing, (b) humid phase and (c) dry phase.  
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2.3. Water uptake 

The water uptake was determined at different times during the 
humid/dry cycle, according to ASTM D570 standard. In particular, two 
square composite panels (150 mm × 150 mm) were placed in the salt-fog 
climatic chamber and periodically take out, dried with a clean cloth and 
finally weighed. Afterwards, the weight of the aged samples was peri
odically monitored during the dry phase, in order to evaluate the mass 
recovery capacity of the composite under controlled environmental 
conditions. 

The water uptake (Mt) in percentage was calculated as follows: 

Mti(%)=
Wti− Wt0

Wt0
• 100 Eq. 1  

Where Mti is the water uptake at the exposure time ti. Wt0 and Wti 
represent the weight of unaged (i.e., at zero time, t0) and aged (i.e., at 
time ti) samples, respectively. 

Furthermore, in order to investigate the water absorption and 
desorption properties of the GFRP composite, the diffusion coefficients 
in the absorption (i.e., humid) and desorption (i.e., dry) phases were 
determined. Fick’s theory is a suitable approach to model the moisture 
uptake phenomenon and to determine the moisture diffusion co
efficients [38]. In particular, based on the Fick’s second law of diffusion, 
the theoretical change in mass (Mt) can be calculated as follows [39]: 

Mt =

[

1 −
∑∞

n=0

8
(2n + 1)2π2

exp
(

− (2n + 1)2π2Dadst
h2

)]

M∞ Eq. 2  

Where M∞ is the mass gain (i.e., the water uptake) at saturation, h is the 
sample thickness, t is the sorption time and Dads is the diffusion coeffi
cient in adsorption. The same approach can be applied also for the 
desorption process. Hence, the moisture loss during the dry phase can be 
similarly expressed [39]: 

Mt − M∞ =

[
∑∞

n=0

8
(2n + 1)2π2

exp
(

− (2n + 1)2π2Ddest
h2

)]

(M0 − M∞) Eq. 3  

Where Ddes is the diffusion coefficient in desorption. Dads and Ddes co
efficients can be calculated by minimizing the sum of the square error 
between experimental and theoretical data. 

2.4. Density and void content measurements 

Density and void content measurements were performed on aged 
samples before and after the dry phase (i.e., G-W15D0, G-W15D21, G- 
W30D0 and G-W15D21 batches). Moreover, the same measurements 
were carried out on unaged samples (i.e., G-W0D0), as a reference. The 
apparent density (ρac) of the composite samples was determined using a 
helium gas pycnometer (Ultrapyc 5000 foam by Anton Paar, Graz, 
Austria). 

The theoretical density of the composite samples (ρtc) was calculated 
based on the simple mixture rule: 

ρtc =
1

∑n

i=1
mi/ρi

Eq. 4  

Where, mi and ρi are the weight fraction and density of composite 
constituents (i.e., epoxy matrix and glass fibers). Furthermore, the voids 
volume fraction (VV) of the samples was determined according to ASTM 
D2734 standard, as follows: 

VV =
ρtc − ρac

ρtc
Eq. 5  

2.5. Three-point bending tests 

For each investigated condition, five prismatic samples (13 mm × 64 
mm) were tested under three-point bending configuration by using a U. 
T.M. model Z005 (Zwick-Roell, Ulm, Germany) equipped with 5 kN load 
cell. All tests were carried out according to ASTM D790 standard. The 
support span length was equal to 54 mm and the crosshead speed was set 
to 1.4 mm/min. 

2.6. Morphological analysis 

The morphology of the fractured surfaces of samples was analyzed by 
using a 3D digital optical microscope (KH8700 by Hirox, Tokyo, Japan) 
and a scanning electron microscopy (ESEM, Quanta 450, FEI, Hillsboro, 
OR, USA). 

3. Results and discussion 

3.1. Water absorption/desorption 

In order to assess the water absorption and desorption capacities 
shown by the investigated composite during the humid/dry cycle, the 
water uptake was monitored at different times during both phases. In 
this context, Fig. 2 shows the water absorption experienced by G-W15Dx 
and G-W30Dx batches: i.e., those exposed to the salt-fog spray condi
tions for 15 and 30 days, respectively. The solid and dashed lines are 
referred to humid and dry phases, respectively. 

By evaluating the effect of the salt-fog exposure (i.e., humid phase), a 
progressive increase in the composite weight is observed due to the 
gradual water absorption. The water uptake trend shows a sensible 
dependence on the exposure time, as evidenced by the initial steep slope 
of the curve. This implies a weight gain already during the early stages of 
exposure to the humid environment. In particular, the GFRP composite 
shows a water uptake equal to 0.38% already after 7 days. A decline in 
the water uptake trend can be observed over long periods of exposure, 
which indicates that the composite is progressing towards an equilib
rium condition of absorbed water. The maximum water uptake (i.e., 
~1.05%) is reached after 30 days of exposure in salt-fog environment (i. 
e., G-W30 batches). This value is comparable with those observed in 
similar fiber reinforced polymers [40,41]. 

Therefore, it was found that the humid phase is marked out by a 
bimodal trend in the water uptake trend, which evidences a knee at 
about 15 days. This behavior is attributable to the interaction of various 
degradation phenomena that synergistically contribute to trigger the 
progressive water absorption of the composite. In more detail, three 
main aging steps can be proposed [42,43]. 

Fig. 2. Water uptake evolution of the GFRP composite at increasing time 
(dashed and dash-dotted lines are referred to humid phase and dry phases). 
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• For short exposure time, the water absorption is initially favored by 
the presence of hydrophilic surface regions [44]. In particular, the 
water vapor interacts through Van der Waals forces with the polar 
groups or unreacted hydrophilic areas of the epoxy resin (e.g., amine 
or hydroxyl terminated groups) forming a thin layer of adsorbed 
water [45]. The formation of these hydrated colonies in correspon
dence with the hydrophilic areas of the surface favors the formation 
of preferential paths for the water diffusion [46,47];  

• Subsequently, defects (e.g., micro cavities or voids) on the matrix 
surface are generated in correspondence of the hydrophilic sites, thus 
activating the water diffusion within the composite [48]. Further
more, the distribution of the fibers as well as the resin that surrounds 
them play a key role in both the absorption kinetic and the water 
absorbed at saturation [49,50]. In this contest, glass fibers cannot be 
considered as an active part of the water absorption process. How
ever, superficial degradation phenomena are conceivable due to the 
interaction between fibers and water, thus inducing local dissolution 
of the fiber [51,52]. This implies that extra free volumes can be 
created at the fiber-matrix interface, which speeds up further the 
water permeation [53];  

• Finally, local detachments on the fiber-matrix interface occur due to 
the progressive water permeation inside the composite [54], 
Furthermore, possible micro-cracks in the matrix itself (i.e., induced 
by matrix softening and differential swelling between fiber and 
matrix) could be identified as additional degradative mechanism 
[43]. 

These phenomena are characterized by slow kinetics in addition to 
being strongly influenced by the presence of superficial or interfacial 
defects in the composite [55]. The need for extended exposure times to 
complete the absorption phenomena in a humid environment is vali
dated by considering that long times are required to achieve the water 
uptake saturation on glass fiber reinforced composites [56]. The ab
sorption curve related to the interval time between 15 and 30 days 
shows a slope decrease, but no horizontal asymptote is observed, i.e., the 
water uptake equilibrium is not still reached. This behavior could be 
associated with the germination of the previously discussed aging phe
nomena which slowly evolve over time, triggered by the water absorp
tion, thus favoring a slight deviation of the curve from the Fickian 
behavior [57]. 

During the dry phase, the composites loss a large amount of the water 
absorbed with subsequent mass reduction at increasing drying time. For 
short drying times, a relevant reduction of the water uptake can be 
observed. In particular, the composite exhibits a weight reduction of 
~0.27–0.38% in about 1 day of drying (i.e., by showing weight losses 
variable from 0.79% to 0.52% for G-W15 batch and from 1.03% to 
0.65% for G-W30 batch, respectively). 

For longer drying times, the water uptake progressively stabilizes to 
0.22% and 0.40% for G-W15 and G-W30 batches, respectively. These 
low values indicate that most of the water absorbed during the humid 
phase can be reversibly released during the drying phase. In particular, it 
was found that about 60–70% of the water absorbed in the humid phase 
is released during the drying conditioning (i.e., the lowest value is 
observed for the G-W30 batch, exposed to salt-fog for 30 days). 

In order to better assess the capacity of the water molecules to 
penetrate and to be released by the composite, the diffusion coefficients 
during both processes (i.e., adsorption and desorption) were calculated 
by fitting the experimental data with the theoretical equations (2) and 
(3). The fitting curves are reported in Fig. 2: the dashed line for the 
humid phase (i.e., adsorption) and the dash-dotted line for the dry phase 
(i.e., desorption). The results are summarized in Table 1. 

The absorption capacity of the composite is characterized by coef
ficient Dads equal to 9.015.10− 7 mm2/s. This value is about one order of 
magnitude lower than Ddes, the desorption diffusion evaluated during 
the drying phase. The diffusion coefficient in desorption mode was 
evaluated for both G-W15 and G-W30 batches (i.e., aged in the salt-fog 

climatic chamber for 15 and 30 days, respectively). In particular, the 
Ddes values during the desorption phase are equal to 2.667.10− 6 mm2/s 
and to 2.751.10− 6 mm2/s for G-W15 and G-W30 batches, respectively. 
These results suggest that the water uptake can be defined as the kinetic 
limiting factor in the humid/drying cycle. Indeed, samples exhibited a 
rapid weight loss during the dry phase, i.e., significantly higher than the 
weight gain observed in the same time interval during the humid phase. 
This behavior can be related to the triggering of local degradative 
phenomena in the composite (e.g., voids, interfacial debonding, disso
lution, etc.) which act as preferential pathways for the migration of the 
water molecules in the material bulk. These in turns speed up, during the 
dry phase, the evaporation of the water previously absorbed (i.e., during 
the humid phase). 

The large water amount released during the desorption phase in
dicates that the water sorption phenomena can be classified as mainly 
reversible. However, it should be noted that this does not necessarily 
imply that the phenomena influencing the mechanical performances are 
fully reversible. Although the presence of voids or cracks created during 
the humid phase does not involve changes in the residual weight of the 
composite, they can induce stress concentration zones that trigger pre
mature failures of the samples. Consequently, only the integration of all 
these information can furnish a more articulated and deeper vision on 
the reversibility or irreversibility of the degradative processes occurred 
during the salt-fog exposure of the investigated composite. 

Furthermore, with the purpose to assess in more detail the effect of 
humid/dry aging cycle on the material degradation, Fig. 3 shows the 
trends of the apparent density and void content of the composite during 
humid and dry phases. 

First of all, slight increases of the apparent density can be observed 
both after 15 and 30 days of salt-fog exposure. This behavior can be 
ascribed to the weight gain experienced during the humid phase (see 
Fig. 2): i.e., the water permeates in the sample cavities (i.e., defects or 
voids), thus leading to an increase of the composite bulk density [31,58]. 
In particular, G-W15D0 and G-W30D0 samples showed about 0.19% and 
0.23% higher density compared to the unaged one (i.e., G-W0D0, 
apparent density 1.585 g/cm3), respectively. 

The greater density observed for the samples exposed to the salt-fog 
for longer times indicates that the primary and secondary water ab
sorption mechanisms become kinetically sensitive with increasing aging 

Table 1 
Diffusion parameters in adsorption and desorption.   

M0 (%) M∞ (%) D (mm2/s) Chi-Square 

Adsorption 0 1.18 9.015.10− 7 6.832.10− 8 

Desorption G-W15 0.77 0.18 2.667.10− 6 6.236.10− 8 

Desorption G-W30 1.00 0.35 2.751.10− 6 7.764.10− 8  

Fig. 3. Density and void content values of the GFRP composite at varying 
humid and drying conditions. 
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times. Furthermore, swelling phenomena take place due to absorbed 
water, which reduce the free volume related to voids, interfacial 
debonding or cracks generated during the humid phase [59]. Indeed, the 
void content of the unaged composite (i.e., G-W0D0) is equal to 1.90% 
whereas the aged samples (i.e., G-W15D0 and G-W30D0) exhibited 
lower voids amounts (i.e., 1.67% and 1.71%, respectively). 

On the contrary, the water absorbed by the samples during the 
humid phase is released by evaporation in the following dry phase, thus 
leaving empty the defects and gaps. For this reason, the voids content of 
the composite increases as well as the bulk density decreases. In 
particular, G-W15D21 and G-W30D21 samples showed a quite similar 
bulk density of about 1.58 g/cm3 whereas, in term of void content, the 
maximum value (i.e., 2.2%) is shown by G-W30D21 samples (i.e., 
exposed for 30 days to the salt-fog and then dried for 21 days). It is worth 
noting that this value is quite similar to that shown by the unaged 
sample, meaning that the cavities created during the humid phase are 
not numerous and the triggering of irreversible degradative phenomena 
(i.e., cracks, delamination and debonding) on the composite should not 
occur. 

3.2. Three-point bending tests 

Fig. 4 shows the typical stress-strain curves of unaged (i.e., G-W0D0) 
and aged samples for different salt-fog exposure times (i.e., G-W15D0 
and G-W30D0). 

It is possible to notice that, regardless the exposure time, samples 
exhibit slight reductions in both maximum stress and stiffness (i.e., 
identified by the slope reduction of the initial linear section of the curve) 
at the end of the humid phase. In particular, G-W15D0 and G-W30D0 
samples exhibited reductions in the average values of the maximum 
stress equal to − 12.5% and − 20.4% in comparison to G-W0D0 ones, 
respectively. At the same time, their average flexural modulus values 
were found to be − 4% and − 10.5% lower than unaged samples. 

As concerns the strain at break, an overall reduction was evidenced 
for both batches, mainly due to the premature failure of the aged sam
ples, in turn caused by degradative phenomena occurred during the salt- 
fog exposure of the composite. Furthermore, G-W15D0 samples showed 
lower strain at break values in comparison to those exposed to salt-fog 
for 30 days. This finding can be explained taking into account that the 
effect of phenomena such as softening and plasticization occurred dur
ing the initial humid phase, is more pronounced for longer salt-fog 
exposure times, thus opposing in a greater extent the strain at break 
reduction shown by aged samples. 

Fig. 5 compares the typical stress-strain curves for samples initially 
exposed to the salt-fog for 15 days (i.e., G-W15Dx - Fig. 5a) and 30 days 

(i.e., G-W30Dx - Fig. 5b) and then dried, for different drying times. 
By observing this figure, it is possible to notice that the samples 

storage in dry conditions allows an evident recovery of their mechanical 
performances. Indeed, Fig. 5a highlights the progressive enhancement of 
both flexural strength and modulus shown by the GFRP at increasing the 
drying time. This indicates that the degradative phenomena (e.g., soft
ening, plasticization and so forth) activated during the humid phase 
cannot be considered permanent or irreversible. The investigated com
posite is therefore able to recover reversibly its performances after the 
humid/dry cycle, thus approaching the behavior shown at the beginning 
of the aging. In particular, G-W15D11 samples (i.e., stored for 11 days at 
50% R.H. and 22 ◦C) show stress-strain curves very similar to that of 
unaged ones. In particular, it can be noticed that the composite stiffness 
is fully recovered whereas a slightly lower maximum stress value re
mains. However, the strain at break values shown by aged samples are 
lower than unaged ones, regardless the drying time. This behavior could 
be ascribed to the premature fracture of the composite, triggered by the 
presence of local defects [60,61] or to the partial polymeric matrix 
stiffening due to the thermal treatment applied during the salt-fog 
exposure [62]. Indeed, the humid environmental conditions induce 
swelling of the polymeric matrices, thus developing internal stresses, 
which, in turn, favor the formation of micro-cracks or the expansion of 
pre-existing voids. Furthermore, the composite stiffness can improve 
when the material is subjected to accelerated aging at medium-high 
temperatures (i.e., 35 ◦C in this case) due to the cross-link formation, 
which develops over time (i.e., post-cure phenomenon). 

Similar comments can be made considering how the mechanical 
response of G-W30Dx samples varies with the drying time (Fig. 5b). In 
particular, longer aging times in the humid environment amplify the 
softening effects on the GFRP composite. However, the mechanical 

Fig. 4. Typical stress-strain curves for unaged (i.e., G-W0D0) and exposed to 
salt-fog (i.e., G-W15D0 and G-W30D0) composite samples. 

Fig. 5. Typical stress-strain curves at increasing drying time for samples 
exposed to salt-fog for (a) 15 days (i.e., G-W15Dx batch) and (b) 30 days (i.e., 
G-W30Dx batch). 
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behavior of these samples is progressively recovered during the dry 
phase (i.e., G-W30D11), similarly to the G-W15Dx batch. 

In order to discriminate better how the investigated material mod
ifies its flexural properties during the humid/dry cycle, the evolution of 
the maximum stress (Fig. 6a) and modulus (Fig. 6b) for G-W15Dx and G- 
W30Dx batches can be analyzed at different drying times. The red 
pointed line is referred to the properties of the samples at the end of the 
humid phase (i.e., without drying). Furthermore, the red dash-dotted 
line is referred to the unaged batch and can be considered as the 
threshold value for the assessment of decay and recovery of the me
chanical performances of the composite. The error bar related to this 
value, represented by the gray wavy area, can therefore indicate the 
lower and upper threshold limits for strength and stiffness in the unaged 
condition, respectively. 

It is possible to notice that both properties show monotonous in
creases at the end of the humid phase, attributable to their progressive 
recovery. In particular, this recovery was found to be more marked in 
the early days of the dry phase. Afterwards, the curve slope progres
sively decreases until reaching asymptotically the threshold value of the 
unaged batch. In other words, the composite shows the complete re
covery of its initial mechanical performances after long drying times (i. 

e., 21 days). This can be considered as an unambiguous sign that the 
degradation phenomena occurred during the humid phase have 
reversible and non-degenerative effects. The accelerated aging (i.e., salt- 
fog exposure at 35 ◦C) actually leads to the weakening and softening of 
the GFRP composite, as evidenced by the reduction of the mechanical 
performances experienced by G-W15D0 and G-W30D0 batches. How
ever, this behavior cannot be considered permanent because it is 
possible to restore the initial performances of the investigated composite 
by keeping it in a dry environment for an appropriate time. In particular, 
it is worth of noting that G-W30Dx samples (i.e., exposed to salt-fog for 
30 days) show an almost complete recovery of their initial flexural stress 
and stiffness (i.e., reaching the lower thresholds of the unaged samples) 
just after 7 and 3 days of drying, respectively. 

Further information can be obtained by normalizing the value of a 
mechanical property (i.e., maximum strength or modulus) shown by the 
composite at a specific drying time to the related value shown at the 
beginning of the experimental campaign. Dimensionless indices, corre
lated to the stiffness or strength recoveries shown by the composite 
during the dry phase, are therefore derived as follows: 

FSR=
σDry t

σ0
Eq. 6  

EMR=
EDry t

E0
Eq. 7  

Where FSR and EMR indices are defined as the flexural strength ratio 
and the elastic modulus ratio, respectively. σDry_t and EDry_t are respec
tively the average values of the flexural strength and modulus shown by 
the GFRP after a generic drying time t whereas σ0 and E0 are the initial 
values (i.e., shown by the unaged composite) of the same property. 
These indices are therefore associated with the recovery percentage of 
the mechanical properties during the dry phase. For instance, an EMR 
index equal to 0.7 indicates that, after a certain drying time, the aged 
composite shows an elastic modulus equal to 70% of its initial value, 
which corresponds to a 30% residual decay in the stiffness. Analogous 
consideration can be argued for the FSR index, correlated to the 
maximum flexural stress of the GFRP composite. 

Fig. 7 shows the FSR vs EMR plot at different drying times for G- 
W15Dx and G-W30Dx batches. 

As quite predictable, the lowest values of each index are found at the 
beginning of the dry phase due to the detrimental effect of the salt-fog 
exposure on the flexural properties of the composite. Moreover, the 
longer is the humid phase duration, the lower are the FSR and EMR 

Fig. 6. Evolution of (a) maximum flexural stress and (b) modulus of the GFRP 
composite at varying the exposition time to humid and dry phases. 

Fig. 7. Flexural Strength Ratio (FSR) vs Elastic Modulus Ratio (EMR) at 
different drying times for G-W15Dx and G-W30Dx batches. 
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values at the end of this phase. In particular, G-W30D0 samples (i.e., 
aged in salt-fog for 30 days) show EMR and FSR indices equal to 0.895% 
and 0.796%, respectively. These results graphically highlight that the 
flexural strength is more sensitive than modulus to the degradative ef
fects induced by the humid phase. 

Afterwards, both indices grow monotonously during the dry phase at 
increasing the time, with a quite similar trend. This means that both 
maximum stress and modulus evidence a progressive recovery until they 
converge to their initial values. In particular, FSR and EMR indices 
reached their maximum values (i.e., 0.998% and 1.005%, respectively) 
after 21 days of drying (i.e., G-W30D21 batch). These results made us 
infer that the elastic modulus and flexural strength are both sensitive to 
reversible degradative phenomena, which occur and contribute to the 
performance decrements during the humid phase. It is worth noting that 
the sigmoidal shape of the curve observable at intermediate drying times 
indicates the higher ability shown by the investigated composite to re
covery its initial stiffness rather than its strength. Indeed, the regain of 
the latter is kinetically slower: i.e., it needs longer drying times to reach 
a FSR value close to 100%. 

Interesting consideration can be drawn by evaluating the effect of the 
aging cycle on the fracture morphology of GFRP samples (see bottom 
and front views shown in Fig. 8). 

It can be observed that all samples exhibit catastrophic failures when 
loaded under three-point bending. As predictable, a tensile crack 
initially starts in the outer bottom laminae and then it evolves longitu
dinally to the applied load towards the middle zone of the composite, 
with no evidence of large debonding or delamination. Finally, the 
fracture propagates up to the outer upper lamina, which is in contact 
with the bending punch. The finding that all the samples show similar 
fracture morphologies (i.e., regardless the humid and dry times) make us 
infer that the investigated GFRP composite evidences good mechanical 
stability in these aggressive environmental conditions. No softening 
phenomenon so relevant to trigger significant changes in the fracture 
mode have been observed. 

In order to evaluate better the possible modifications induced by the 
humid/dry cycle on the fiber matrix interface, Fig. 9 shows the surfaces’ 
morphology of unaged and aged samples subjected to bending load until 
complete failure occurred. 

These images clearly confirm that the composite morphology did not 
noticeably change due to the humid/dry cycle. In more detail, a slightly 
greater interface instability is shown by the aged composites (Fig. 9b) in 
comparison to unaged ones (Fig. 9a), as evidenced by the presence of 
few more local fiber/matrix debonding areas. However, these differ
ences are not believed to be enough to induce a significant variation in 
the composite’s mechanical performances at the end of the humid/dry 

cycle. Indeed, the close-up observations of the fracture surfaces high
light that the morphologies of unaged (i.e., G-W0D0 shown in Fig. 10a) 
and aged (i.e., G-W30D2 shown in Fig. 10b) samples are quite similar: i. 
e., mainly reversible degradative phenomena occurred during the humid 
phase. 

These findings are in fully agreement with the mechanical results. 
Under salt-fog environmental conditions, the GFRP composite shows a 
good stability at least up to the investigated exposure time (i.e., 30 
days). These promising results, in addition to validating the proposed 

Fig. 8. Views of the in plane and cross section failure mechanisms observed in (a,c) unaged (i.e., G-W0D0) and (b,d) aged (i.e., G-W30D2) composites.  

Fig. 9. SEM micrographs of the fractured surfaces of (a) unaged (i.e., G-W0D0) 
and (b) aged (i.e., G-W30D2) samples. 
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experimental approach in terms of potential reversibility of the degra
dation mechanisms during aging tests, open up new research scenarios 
aimed to assess the mechanical stability of composite laminates in cyclic 
aggressive environments. A further aspect of investigation could also be 
to evaluate the effect of glass fibers hybridization with natural ones, by 
evaluating as this approach can stimulate the aging reversibility during 
humid/dry cycles. 

4. Conclusion 

In this research work, the evaluation of the ability of glass fiber 
reinforced polymers (GFRPs) to recover its overall performances under 
discontinuous exposure to aggressive environmental conditions was 
investigated for the first time. In particular, the investigated composite 
was subjected to a humid/dry aging cycle, consisting of an initial 
“humid” phase (i.e., exposure to salt-fog at 35 ◦C) for 15 and 30 days, 
followed by a “dry” phase (i.e., 50% R.H. and 23 ◦C) with duration of up 
to 21 days. The evolution of the flexural properties of the composite as 
well as of its water uptake was monitored during both phases. In order to 
correlate the properties reversibility shown by the composite to the 
changes in its morphology, the surface of fractured samples was 

observed by scanning electron microscope (SEM). By way of summari
zing, from the experimental campaign it can be drawn that.  

− The GFRP experienced mainly reversible degradative phenomena 
due to the aging in the salt-fog environment (i.e., humid phase). A 
progressive performances’ recovery was noticed during the dry 
phase. In particular, a relevant outcome of this paper is that, thanks 
to the drying step, the composite experienced the recovery of about 
100% of their initial flexural strength and stiffness values;  

− By defining a topological degradation map related to strength and 
stiffness worsening, it was possible to highlight that the composite 
suffered mainly reversible degradative phenomena. This means that 
the exposure to salt-fog for a limited period of time (i.e., up to 30 
days) did not permanently affect the mechanical stability of the 
investigated composite. 

Based on these promising results, possible future research activities 
will be aimed at comparing the performance stability of full glass, full 
flax and hybrid glass/flax fiber reinforced composites exposed to 
humid/dry cycles. 
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[42] Assarar M, Scida D, El Mahi A, Poilâne C, Ayad R. Influence of water ageing on 
mechanical properties and damage events of two reinforced composite materials: 
flax-fibres and glass-fibres. Mater Des 2011;32:788–95. https://doi.org/10.1016/j. 
matdes.2010.07.024. 

[43] Moudood A, Rahman A, Khanlou HM, Hall W, Öchsner A, Francucci G. 
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