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Abstract. The durability of natural fiber reinforced composites (NFRCs) in severe 

environmental conditions is a relevant concern due to their sensitivity to water 

absorption and related degradation phenomena. This study investigated the ability of 

hybridized NFRCs, combining flax and glass fibers, to recover their mechanical 

performance after exposure to salt-fog exposition. The composites were subjected to a 

humid/dry cycling process, simulating the alternating wet/dry cycles experienced in 

outdoor marine applications. Three-point bending tests were performed to assess the 

effects of aging on the composites' strength, stiffness, and toughness. The experimental 

results revealed that hybrid composites show superior recovery capabilities compared to 

full flax composites. Hybridization stabilized performance, with only a 10% residual 

strength reduction after the humid/dry cycle. Furthermore, a simplified toughness map 

was used with suitable results to effectively evaluate the performances degradation and 

recovery processes in hybridized NFRCs. This tool can assist to optimize the composite 

laminates and their durability in critical environmental conditions. 

Key words: Composites, Natural fibers, Aging, Salt-fog, Toughness 

 

 

 

 
Received: February 08, 2025 / Accepted March 26, 2026  

Corresponding author: Luigi Calabrese  
Department of Engineering, University of Messina, Contrada Di Dio (Sant’Agata), 98166 Messina, Italy 

E-mail: lcalabrese@unime.it 

https://orcid.org/0000-0002-2923-7664
https://orcid.org/0000-0002-9794-1362
https://orcid.org/0000-0002-3236-3565
https://orcid.org/0000-0002-6679-7214


38 L. CALABRESE, V. FIORE, A. VALENZA, E. PROVERBIO 

1. INTRODUCTION 

Natural fibers are a viable option for the development of sustainable fiber-reinforced 

composites because of their favorable qualities, which include low cost, lightweight and 

biodegradability. These attributes have drawn a wide interest to use natural fibers in various 

industrial fields in recent years [1–6].  

One of the main drawbacks of natural fiber reinforced composites (NFRCs) is their 

poor resistance to moisture, which can degrade them over time [7, 8]. Moisture 

susceptibility is a key issue for these composites since it causes progressive degradation 

and impairs structural integrity, making them less durable in a variety of applications (e.g., 

outdoor or in marine environments) [9]. 

Natural fibers, with polar hydroxyl groups, due to polysaccharide components like 

pectin, cellulose and hemicellulose, are inherently hydrophilic, meaning that they readily 

absorb water or humidity in wet environment [10]. As consequence, natural fiber 

reinforced composites suffer a progressive decrease in their performances when exposed 

to these environmental conditions [11]. Furthermore, the weakening of the fiber-matrix 

interface bonding worsens the adhesive properties thus favoring aging of NFRCs in wet or 

humid conditions [12]. 

In this regard, synthetic fiber hybridization can be a suitable approach to boost flax 

NFRCs performance and increase its durability [13, 14]. Indeed, synthetic fibers, like glass 

fibers, act as a barrier, hindering moisture and water diffusion into natural fiber composites 

while also preventing polymeric matrix degradation [15, 16]. 

In this context, Munde et al. [17] assessed the physico-mechanical properties of woven 

flax/glass fiber reinforced composites manufactured by compression molding technique. 

The results highlighted that the hybridization of flax improves static mechanical properties 

and fracture resistance compared to flax composites, making hybrid composites suitable 

for semi-structural applications. 

Liu et al. [18] evidenced that the addition of glass fibers extends the lifespan of NFRCs 

in harsh environments, clarifying that the arrangement of the stacking sequence in the 

hybrid composites also affects their water absorption. 

Analogues considerations in terms of improved durability can be achieved by using 

other fibers as hybrid reinforcement for flax fabrics for durability improvement [19–22].  

Nonetheless, relatively few literature papers have been referred to assess the potential 

performances recovery experienced by hybrid composites during alternate exposure to 

harsh environmental conditions.  

This approach can be better configured to evaluate the critical operating conditions of 

many structural components that are subjected to variable or alternating environmental 

conditions [23, 24]. Furthermore, it has proven to be potentially interesting in order to be 

able to discriminate between reversible and irreversible degradation events, which take 

place during accelerated aging tests [25, 26]. 

In this regard, Chakkouret al. [27] assessed the performances recovery of bamboo fiber 

composites after cyclic exposure to water and salt-water (up to 7 months). The results 

disclose that the applied cyclic aging raises the moisture gain capacity of the natural composites.  

Analogously, Sodoke et al. [28] studied the long-term stability and durability of 

flax/epoxy exposed to cyclic wet/dry aging tests with the purpose to better recognize  the 

physico-chemical changes caused by this aging condition. 
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In this concern, to enhance the mechanical stability and durability of composite materials, 

hybridization, the deliberate selection and combination of fiber types tailored for specific 

environments, is a key strategy [29, 30]. This approach can be suitable to improve structural 

performance [31], enabling the creation of lighter and stronger structures, and enhances 

environmental stability, especially for composites utilizing natural fibers susceptible to 

humidity [32, 33]. Incorporating synthetic fibers, such as carbon or glass, which are 

inherently resistant to atmospheric agents [34], significantly boosts resistance to weathering, 

facilitating their use in demanding outdoor applications such as infrastructure and automotive 

components [35, 36].  

In this concern, in previous papers, the authors investigated the reversible performance 

degradation of flax and glass-based composites, thus highlighting how the hybridization 

presents a unique opportunity to minimize permanent degradative phenomena, thus 

contributing to their overall longevity and durability [37, 38].   

In particular, a key aspect that emerged was the possibility of further investigating the 

changes in mechanical properties and how these can be related to the modification in the 

material's toughness induced by the imposed environmental conditions [37].  

It could have important implications for several sectors such as automotive, aerospace 

and construction since it provides a sustainable and cost-effective approach for designing 

and producing high-performance materials. Furthermore, this approach is able to aid 

engineers, researchers and manufacturers in developing improved composites with better 

degradation resistance and extended service life. 

In this regard, this study aims to evaluate the ability of hybridized NFRCs to regain 

their performances after being exposed to marine conditions. To this scope, flax, glass and 

hybrid flax-glass fiber reinforced composites were subjected to a humid/dry cycling 

process, according to the following steps: 1) exposure to salt fog at 35°C for 30 days and 

2) storage in controlled conditions with a relative humidity of 50% and a temperature of 

23°C, up to 21 days. 

Three-point bending tests were conducted to study the material's strength, stiffness and 

related toughness modification due to aging conditions. Furthermore, a simplified 

toughness map was proposed as tool to assess how the performances degradation and 

recovery processes affect the toughness (and indirectly strength and deformation) of the 

investigated composites over time.  

2. EXPERIMENTAL PART 

2.1. Materials and Methods 

In order to assess the influence of various stacking sequences on laminate properties, 

square laminates measuring 30 x 30 cm2 were manufactured through vacuum infusion 

method, employing a two-stage vacuum pump model VE 235 D (Eurovacuum, Reeuwijk, 

Netherlands).  

The resin used as matrix, SX8 EVO by Mates Italiana s.r.l. (Milan, Italy), was cured at 

room temperature for 24 hours. Subsequently, to enhance the laminates’ overall 

performances, they were post-cured at 50 °C for 15 hours. This step promotes further cross-

linking and densification of the resin network, thus resulting in composites with improved 

stiffness, strength, and dimensional stability. 



40 L. CALABRESE, V. FIORE, A. VALENZA, E. PROVERBIO 

A 2 × 2 twill weave woven flax fabric, with areal weight equal to 318 g/m2, supplied 

by Lineo (Saint Martin du Tilleul, France) and a plain weave woven glass fabric, with areal 

weight equal to 200 g/m2 supplied by Mike Compositi (Milan, Italy) were employed as 

reinforcement. 

Table 1 provides a comprehensive overview of the fabricated laminates. Laminates are 

labelled with specific suffixes: H, G, and F, representing hybrid, glass and flax composites, 

respectively. The stacking sequences were carefully designed to maintain a nearly uniform 

thickness of approximately 3.5 mm. This deliberate approach was adopted to ensure 

effective comparison of adsorption and desorption behaviors as well as to enable 

subsequent mechanical characterization. 

Table 1 Composite laminates label 

CODE Stacking sequence* Thickness [mm] 

H [G2/F2]s 3.56 ± 0.04 

G [G18] 3.59 ± 0.08 

F [F5] 3.35 ± 0.02 

2.2. Salt-Fog/Dry Aging 

To evaluate the resilience of the investigated composites under realistic weathering 

conditions, they were initially subjected to a simulated aging process that replicated the 

alternating wet and dry conditions commonly encountered in coastal environments. This 

cyclical exposure involved exposing laminates to a salt-spray fog, simulating the corrosive 

effects of salty sea air, followed by controlled drying periods in a controlled environment. 

This alternating exposure to salt and dryness allowed for a comprehensive evaluation of 

the laminates' ability to withstand the combined challenges of aging weakening and the 

recovery associated with extended exposure to dry conditions. 

Salt fog testing is employed following the guidelines of ASTM B117, placing the 

laminates in a climatic chamber, SC/KWT 450 by Weiss (Buchen, Germany). The chamber 

maintains a controlled environment of 35°C ± 1°C and subjects the specimens to a 

continuous spray of salt solution at a concentration of 5 wt.% sodium chloride. This 

accelerated aging regimen mimics the corrosive effects of prolonged exposure to marine 

environments. Importantly, the composite panels are tested intact, i.e., without any cuts or 

edge preparation, to restrict water diffusion along the edges and to isolate the water 

penetration solely through the transverse direction of the fiber fabrics. 

After being exposed to salt-fog, each panel was cut with a diamond blade saw to create 

prismatic samples (13 mm x 64 mm), then used for the flexural testing. Five samples were 

tested immediately for each stacking sequence at two salt-fog exposure times (15 and 30 

days) to assess the effect of the humid environment on their mechanical properties. 

Furthermore, additional samples (e.g. thirty-five for each stacking sequence) were 

transferred and kept in a dry aging chamber. This enabled the materials to dry out, 

replicating the effects of alternating exposure to salt-water and drying cycles. The dry phase 

was performed in a temperature-controlled room at 50% ± 10% RH and 23 °C ± 2°C, 

according to the ISO 291 standard. 

During drying, five samples for each batch were regularly taken off for destructive 

bending tests at increasing dry times up to 21 days (in details: 0.5, 1, 2, 3, 7, 11, and 21 days).  
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Even if the cut edges speed up the drying process, to optimize the experimental campaign, 

it was decided to cut the wet samples and focus on the dry batches. Fig. 1 schemes the 

experimental salt spray humid/dry aging lay-out highlighting the applied time cycles. To 

simulate the outdoor accelerated environmental aging, a 30-day wet phase followed by a 21-

day dry phase was selected, according to previous research demonstrating its efficacy in 

inducing critical degradation mechanisms [26]. This specific regime effectively activates 

both reversible phenomena, such as moisture-induced swelling and plasticization, and 

irreversible damage, including matrix cracking and fiber-matrix debonding, thereby 

mirroring long-term exposure in aggressive environments. Consequently, these conditions 

provide an optimal framework for maximizing the observed differences in mechanical 

behavior throughout a complete wet/dry cycle. Furthermore, by including a drying step that 

causes a weight decrease attributable to sample dehydration, this controlled aging protocol 

facilitates the identification and quantification of the hybridization effect [38], particularly 

in the performance recovery phase at the conclusion of the aging cycle, allowing for a 

robust assessment of how different fiber combinations contribute to the material's resilience 

and long-term durability. Notably, after phase 2, no further significant changes in weight 

or mechanical performance were observed. 

 

Fig. 1 Scheme of the humid/dry aging phases 

All batches were identified using a code that univocally indicated the duration of their 

exposure under salt spray fog and dry conditions. The code was formatted as “XWt1Dt2”, 

where t1 and t2 represent the time intervals in days for the two phases (i.e., wet and dry, 

respectively). X is a letter (e.g. F,G,H), according to Table 1, related to the stacking 

sequence of the composite laminate. For instance, HW15D7 indicates hybrid composite 

samples exposed to salt-fog for 15 days and then dried for 7 days. Conversely, GW0D0 

corresponds to unaged glass composite samples. 

2.3. Three-Point Bending Tests 

A Z005 UTM with a 5 kN load cell (Zwick-Roell, Ulm, Germany) was used to 

mechanically test all composite batches for each humid and dry conditions (i.e., 5 prismatic 

samples with dimensions 13 mm x 64 mm). According to ASTM D790 standard [39], three-

point bending tests were carried out by setting the span length equal to 54 mm and a 

crosshead speed of 1.4 mm/min. The purpose to choose three-point bending test as 

mechanical characterization set-up was defined to better assess the effect of external glass 

fibers laminas on the strength and stiffness of hybrid composite laminates. It has been 

observed that this stacking sequence in hybrid synthetic-natural fiber reinforced 

composites can potentially enhance its endurance and durability in critical environmental 

conditions [40]. 
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3. RESULTS AND DISCUSSION 

3.1. Three-Point Bending Tests 

The main flexural features (i.e., maximum stress, modulus and strain at failure) of all 

composite laminates at varying aging cycle are reported in Table 2. By evaluating the 

maximum stress reached by each batch, it is worth note that it increases when the samples 

are dried after the initial humid phase. In more detail, after 21 days of drying (FW30D21, 

HW3D21 and GW30D21 batches) all composite laminates achieves a maximum stress 

almost compatible to unaged ones (i.e., FW0D0, HW0D0 and GW0D0 batches).  

Only the hybrid composite shows a slight deviation between the humid/dry aged and 

unaged conditions. This indicate that the softening phenomena induced during the salt-fog 

accelerated aging test can be reversibly recovered during the drying from the strength point 

of view.  

Concerning hybrid and glass-based specimens, this behavior can be considered similar 

by analyzing the data relating to the modulus. Otherwise, by observing the trend of the 

modulus for the laminate reinforced with flax fibers, a residual modulus at the end of the 

21 days of drying equal to 2.7 GPa is found. This value is approximately 20% lower than 

that found for the unaged specimen (E =3.4 GPa for the FW0D0 specimen).  

These results indicate that the softening and weakening phenomena occurred during the 

wet phase have permanently affected the performance of the composite reinforced only by 

flax fibers.  

Natural fibers, being characterized by a marked hydrophilic behavior, favor the water 

absorption and stimulate degradation processes associated with softening of the natural 

fiber itself as well as delamination at the interface. These mechanisms induce an 

irreversible degradation of the structure, which at the end of the wet/dry cycle presents 

lower stiffness values. 

By analyzing the modulus data for hybrid composites (i.e., FW batch), it is possible to 

assert that the use of external glass fibers, however, preserves the internal laminae 

reinforced with flax fibers from possible degradation phenomena, thus increasing the 

stability of the hybrid composite structure in environments aggressive.  

Similarly, it is found that the strain at break values at the end of the cycle compared to 

non-aged conditions is greater only for the composite reinforced with flax fibers. The 

greater the glass fiber content in the composite, the lower the dependence of the 

deformation at break from the applied aging conditions. 

Table 2 Average flexural features of composite laminates at varying aging cycle 

Sample σ (MPa) E (GPa) ε peak (%) 
FW0D0  74.5 ±  4.4  3.4 ± 0.2  5.3 ± 0.2 
FW30D0  51.1 ±  2.8  1.7 ± 0.3  8.8 ± 0.4 

FW30D21  72.7 ±  2.2  2.7 ± 0.2  9.0 ± 0.7 
HW0D0  160.5 ±  18.9  9.0 ± 0.4  2.6 ± 0.8 
HW30D0  123.0 ±  5.6  7.6 ± 0.2  2.1 ± 0.2 
HW30D21  144.8 ±  1.8  8.9 ± 0.2  2.2 ± 0.5 
GW0D0  354.2 ±  10.0  15.0 ± 0.3  3.0 ± 0.2 
GW30D0  282.0 ±  15.8  13.4 ± 0.4  2.5 ± 0.2 
GW30D21  353.6 ±  13.7  15.1 ± 0.3  2.8 ± 0.2 
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To gain more insights on the experimental results, we can normalize the mechanical 

property values (e.g., maximum strength, modulus, or strain at failure) measured at different 

humid/drying conditions to the corresponding values at the beginning of the aging campaign 

(i.e., unaged conditions). This allows us to calculate dimensionless indices that represent the 

stiffness, strength, or strain recovery rates during the dry phase, as in the following: 

 σVI = 1 − σDry_t σ0⁄  (1) 

 EVI = 1 − EDry_t E0⁄  (2) 

 εVI = 1 − εDry_t ε0⁄  (3) 

Where, σVI, EVI and εVI indices are defined as the stress, modulus, and strain variation 

indices, respectively. In particular, σDry_t, EDry_t and εDry_t are the average values of the 

flexural strength, modulus, and strain at failure, respectively, shown by composites at 

varying drying time. On the other hand, σ0, E0 and ε0 represent the initial properties of the 

unaged composites.  

The so defined indices represent the percentage change in mechanical properties 

between the dry and unaged conditions. Positive values indicate decrease in magnitude of 

the mechanical feature, while negative values mean an increase in magnitude. For instance, 

an EVI index equal to 0.6 indicates that, the aged composite shows an elastic modulus 

reduction equal to 60% of its initial value. Analogous considerations can be argued for the 

σVI and εVI indices, correlated to the maximum flexural stress and strain at failure of 

composites, respectively. 

Fig. 2 compares the performance variation indices of composite laminates at varying 

aging cycle for Stress variation index. modulus variation index and strain variation index. 

In line with expectations, the most significant performance variations among all indices 

were observed at the onset of the dry phase (D0 bars), attributable to the deleterious impact 

of salt-fog exposure on the composite's flexural properties. Furthermore, the greater the 

content of flax fibers, the more pronounced these performance variations. In particular, the 

FW30 composite showed variations in stress and modulus of 31.4% and 50.0%, respectively. 

Conversely, a variation in the strain at break of -66.0% was found. This negative value 

indicates that following exposure to salt spray fog chamber the strain at failure of the flax 

sample increased by 66%. 

The graphs clearly demonstrate that the flexural modulus of flax laminates is more 

susceptible to the detrimental effects of humidity exposure than their strength. This trend 

is not observed for HW30 and GW30 composites: i.e., the stress variation index exceeds 

that of the modulus. Moreover, unlike FW30, εVI for HW30 and GW30 is positive. 

Afterwards, all indices change toward zero value due the composites storage under dry 

conditions (i.e., D21 bars). This means that the maximum stress, modulus, and strain at 

failure will all gradually recover toward to reach their original values.  

These findings indicate that all the flexural properties of composites are susceptible to 

reversible degradation processes, which occur during the humid phase and contribute to 

the performances decline. However, the greater the absolute value of the variation index, 

the more pronounced the irreversible degradation phenomena that took place during the 

humid phase. Notably, when analyzing the D21 bars, the highest values of the variation 

index were observed mainly for the FW30 composite, which employs natural flax fibers as 

reinforcement. In particular, this batch is characterized by final σVI, EVI and εVI indices 
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equal to 2.4%, 20.6% and -69.8%, respectively. These results highlight that the flax fiber 

reinforced composite underwent a substantial modification in its stiffness, accompanied by 

a corresponding rise in deformability, without detrimentally affecting its breaking strength. 

This effect is evident from the low value of the stress variation index, σVI. 

a) 

b) 

c) 

Fig. 2 Performance variation indices of composite laminates at varying aging cycle 

a) Stress variation index b) modulus variation index c) strain variation index 
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Conversely, the index values of the glass composite (i.e., GW30) at the end of the dry 

phase are always very low. In particular, σVI, EVI and εVI indices are equal to 0.2%, -0.7% 

and 6.7%, respectively for aging condition D21. 

The superior mechanical performances of the latter composite under these harsh 

environments are attributed to the inherent stability of glass fibers, making it more durable 

than the natural fiber composite. 

Despite being subjected to salt-fog aging and 21 days of drying, the hybrid composite 

(i.e., HW30 batch) exhibited remarkable stability, recovering its initial mechanical 

properties. Notably, the material's performances could be fully recovered, thus showing 

acceptable reversibility. However, a slight residual stress deviation index equal to 9.8% 

was observed at the end of the dry phase.  

Although the observed value is not particularly remarkable, it can be attributed to the 

reduced adhesion between glass and flax reinforced laminae.  

The quite low interlaminar shear resistance between dissimilar laminae reinforced with 

glass and flax fibers [41], which is responsible for the not-so-effective stress transfer 

contribute, impairs the composite's resistance performances, particularly under demanding 

environmental conditions like those in a salt spray chamber. 

Nevertheless, the superior performances stability evidenced by hybrid composites 

stands out compared with natural fiber reinforced composites, highlighting their ability to 

maintain integrity and effectiveness over time. Overall, the hybrid composite (i.e., HW30 

batch) demonstrated affordable mechanical stability and remarkable reversibility, making 

it a promising candidate for various engineering applications. 

To better understand the relationship between the performance durability of composite 

materials and their stacking sequence, Fig. 3 shows the fracture surface of aged flax, glass 

and hybrid fiber reinforced composites after a full humid/dry cycle. 

Flax fiber-reinforced composites (Fig. 3a) displayed significant degradation during the 

accelerated aging cycle. This degradation is attributed to the cyclical process of water 

absorption and subsequent release experienced by the flax fibers This moisture cycling 

induces significant internal stresses and swelling, leading to a heightened sensitivity to 

crack initiation and propagation. Furthermore, it weakens the bonding at the fiber-matrix 

interface, promoting debonding and ultimately resulting in the visible fraying of the 

individual flax fibers as their structural integrity is compromised.  

In contrast, the glass fiber-reinforced composites (Fig. 3b) exhibited better stability 

when subjected to the identical aging conditions. While some minor cracks or localized 

areas of debonding were still detectable upon closer examination, their extent and severity 

were considerably less pronounced compared to the flax-based composites, highlighting 

the greater resistance of glass fibers to moisture-induced damage. 

In contrast to the other two samples, the hybrid composite (HC) specimen, as depicted in 

Fig. 3c, exhibits an intermediate response to the applied conditions. The outer glass fiber-

reinforced layer appears largely uniform, although some localized voids or areas of debonding 

are observable. These imperfections can be reasonably attributed to the direct exposure of this 

external layer to the harsh environmental conditions it experienced. Conversely, the internal 

flax fiber-reinforced layer maintains a relatively strong bond between the fibers and the 

surrounding matrix. Nevertheless, the flax fiber strand clearly displays fraying, which suggests 

a limited degree of interfacial adhesion between the fibers and the matrix within this layer. 

This observation could also be indicative of significant interlaminar stresses developing 

within the plane separating the two distinct material layers. The difference in stiffness 
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between the glass and flax layers likely contributes to these stresses, potentially leading to 

premature fracture along this interface [42]. 

 a) 

 b) 

 c) 

Fig. 3 SEM images of fracture surface of a) flax aged composite b) glass aged composite 

c) hybrid fiber reinforced composites 
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These observations corroborate that the natural hygroscopic nature of flax fibers makes 

them more susceptible to the detrimental effects of moisture compared to their synthetic 

counterparts. This finding highlights the importance of considering the environmental 

sensitivity of materials when selecting the optimal composite material for specific 

applications, particularly those involving exposure to humid environments.  

3.2. Toughness Map 

As highlighted, the exposure to an aggressive humid environment influences the 

stability of the mechanical properties of all the investigated composites. In particular, the 

salt-fog exposition led to evident decreases in both strength and stiffness. It has also been 

found that the performances decline can be reversibly recovered during the dry phase.  

In this context, a further characteristic that can provide information on the mechanical 

behavior of the materials and their structural stability is represented by the toughness 

variation during the humid/dry cycle. 

Toughness measures a material's ability to absorb energy as well as to deform without 

breaking, while fracture toughness quantifies its energy absorption up to crack propagation. 

Both properties are determined by integrating the stress-strain curve  [43, 44]. 

In order to better highlight how the aging conditions influence the mechanical behavior 

and toughness of composites, Fig. 4 shows the trend of typical stress-strain curves for 

W0D0, W30D0 and W30D21 conditions, for all the investigated composites also evidencing 

the area underneath each curve (associated with the toughness of the material).  

The results clearly demonstrate that the stress-deformation behavior of the composites 

reinforced with flax fibers exhibits the most significant alterations as a consequence of the 

aging exposure, indicating a higher degree of sensitivity to the environmental conditions 

compared to the other material systems studied [45]. Even at the end of the dry phase (i.e., 

W3D21 samples), this laminate maintains a high strain at break which consequently leads 

to a significantly large area subtended by the curve itself (i.e., associated with the material 

toughness). Conversely, composite laminates incorporating glass fibers within their stacking 

sequence demonstrate a notable stability in their flexural behavior. Furthermore, a visual 

assessment suggests a consistent toughness in these glass fiber-reinforced laminates. This 

apparent steadiness in toughness is supported by the limited variation observed in both their 

strain at break – indicating a consistent ability to deform before fracturing – and their maximum 

stress values, highlighting a reliable load-bearing capacity [46]. 

Maintaining durable toughness throughout aging is relevant for structural or semi-

structural NFRCs due to the various factors that can affect their properties over time. These 

composite materials are often used in applications where they are exposed to harsh 

environments (i.e., characterized by high temperatures, moisture, or chemical agents) for 

extended periods. These conditions can alter the laminate's toughness, leading to changes in 

mechanical stability or resistance to impact, cracking, and other forms of damage. 

Consequently, a more in-depth evaluation of toughness and related mechanical characteristics 

can help to predict better the durability of components under operating conditions. 

Different key parameters can be established on the typical stress-strain curves depicted 

in Fig. 4 in order to indirectly assess the toughness evolution of the investigated 

composites. As discussed in previous work [37], the curve's area can be approximated as a 

trapezoid, with its height roughly equivalent to the peak stress value. The major base of the 

trapezoid corresponds to the strain at break. The minor base can be additionally defined as 
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the difference between strain values on the curve corresponding to 90% of the maximum 

stress, named as max [37]. 

a) 

b) 

c) 

Fig. 4 Typical stress vs Strain curves at varying aging cycle for a) flax, b) hybrid and 

c) glass fiber reinforced composites 
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In this context, Fig. 5 may be recognized as a topological representation of material 

toughness by using this technique. Each plot shows as x axis the sum of the trapezoid basis 

(i.e., max + max) and as y axis the maximum stress σmax (i.e., the height of trapezoid). 

 a) 

 b) 

 c) 

Fig. 5 max vs. max + max plots for a) flax, b) hybrid and c) glass laminates 
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Therefore, the figure can be used to assess the variation in strength and ductility of 

composites thus indirectly correlating these changes to the toughness characteristics 

(roughly proportional to the product of x axis and y axis). The red dotted lines are iso-

toughness curves (calculated by considering the area of the trapezoid formed by the stress 

and strain data) which divide the plot into several regions from low to high toughness. 

These graphs show that, the trend evolution of the curve changes in concavity as 

function on the number of flax layers in the stacking sequence. In particular, flax fiber 

reinforced composite initially displayed a mainly brittle behavior with high stress peak and 

low strain at fracture values, resulting in poor toughness (Fig. 5). However, toughness was 

enhanced after the exposure to salt-fog due to a substantial increase in the strain, which 

counteracted the stress reduction caused by weakening mechanisms occurred during the 

humid phase. Therefore, the exposure for a period of 30 days in a salt-fog environment 

suggests the triggering of softening and weakening phenomena, which affected its toughness 

performances of the composite. Furthermore, the analysis of the curves change as function 

of drying time reveals interesting insights. Samples exhibit a consistent upward trend in 

stiffness and strength with increasing the drying time. In particular, the FW30 batch 

reveals, after 21 days of drying, a permanent higher deformation at break. This results in a 

sustained increase of the composite laminate's softening, meaning that natural fiber 

composite improved its toughness after a humid/dry cycle. 

A quite different behavior can be identified for the GW30 batch. Indeed, this composite 

exhibits a reverse trend than FW30 ones. Due to 30days salt-fog exposition, a slight shift 

from high toward medium toughness region occurs i.e., the area under the stress-strain 

curve decreased marginally. This was mainly due the limited reduction both of the 

maximum stress (σmax) and the elongation at the maximum stress (εmax + εσmax).  

Afterward, the curve progressively evolves toward the unaged state at increasing drying 

time. All these findings confirm the better mechanical stability of fiberglass composite in 

salt-fog environment, in comparison to flax ones. Indeed, the toughness of the materials is 

broadly recovered in GW30 batch at the end of the humid/dry cycle. 

These observations align with findings reported in [40], where hybridization prolonged 

exposure to humid environments, without intervening drying periods, resulted in a notable 

increase in composite toughness. This increase in toughness is attributed to the disproportionate 

decrease in stiffness relative to strength, meaning the material becomes more flexible but retains 

its load-bearing capacity [38, 47]. This enhanced flexibility allows for larger deflections 

during bending before failure. This increased deformation capability allows the material to 

absorb a greater amount of energy before fracture. Consequently, the energy required to 

initiate and propagate cracks is significantly higher, indicating a substantial improvement in 

the material's toughness and its ability to withstand impact and load [48]. 

Critically, the subsequent drying process facilitated a partial restoration of the material's 

mechanical properties, strongly suggesting the reversibility of certain degradation mechanisms 

induced by moisture. This observation is consistent with findings reported in [49], which 

demonstrate that irreversible degradation phenomena, such as matrix cracking and fiber-

matrix debonding, typically manifest only after prolonged exposure to alternating wet/dry 

cycles. Specifically, regarding toughness, the composite recovered a substantial portion of its 

initial performance following the three-week drying period. This recovery, as assessed in 

[37], indicates that moisture-induced plasticization, which initially contributed to a temporary 

increase in toughness by reducing stiffness, can be effectively reversed through drying. 

Consequently, the material's toughness returned towards its unaged state, highlighting the 
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dynamic interplay between moisture absorption, plasticization, and the restoration of 

mechanical integrity through drying. This reversibility suggests that for short term cycles, the 

damage is not permanent, but long term cycling will lead to irreversible damage [50]. 

 

Fig. 6 Comparative max vs max + max plot for all composite laminates (red markers: 

unaged samples; black dotted lines: iso-toughness curves) 

To summarize, Fig. 6 shows the simplified toughness map comparing all composite 

laminates. The red markers identify the unaged samples (one for each batch). The plot 

confirms the toughness stability for glass and hybrid laminates, which are steadily 

positioned within a narrow and thin region on the plot. This positioning suggests that there 

was a slight modification in both the strength and strain of these laminates during the 

humid-dry cycle. All data are located mainly within two iso-toughness curves (i.e., black 

dotted lines). In contrast, the flax laminate is located towards the bottom side of the plot, 

primarily due to its lower strength compared to the other laminates. It is worth noting that 

the data points are spread out longitudinally across a wide range on the x-axis, spanning 

approximately in the range 8% to 24%. This wide distribution further validates that the 

high deflection of the samples is the foremost factor responsible for the significant 

toughness increase observed under the humid-dry aging condition for this composite batch. 

The experimental results obtained for the hybrid composite are very interesting. The 

choice of placing glass fibers as reinforcement of the external layers in the stacking 

sequence has provided significant benefits to the stability of the material's toughness. In 

fact, although flax layers are highly sensitive to softening and weakening (partially 

irreversible) phenomena during the humid phase, the outer glass fiber reinforced layers act 

as a shield against the evolution of the degradation processes.  

Interestingly, the strain at failure demonstrates a notable consistency throughout the 

aging and recovery process, remaining relatively unchanged. However, a clear reduction 

in stress at failure is observed during the humid phase of the salt-fog exposure, indicating 

a temporary weakening of the material under moist conditions. This stress reduction is 

subsequently recovered as the material undergoes the drying phase. Consequently, the 

toughness experiences a decrease of approximately 14% at the end of the salt-fog chamber 

exposure. Subsequently, as the drying period extends up to 21 days, the toughness 
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gradually recovers and progresses towards its initial value, observed in the unaged 

condition, suggesting a degree of reversibility in the material's mechanical. 

The study's findings shed light on the important interaction between environmental 

variables and the mechanical behavior of hybrid natural fiber reinforced composites. It is 

worth noting that the toughness of NFRC, which is greatly influenced by softening and 

weakening processes, appears to be particularly sensitive to different phases of wetting and 

drying. This behavior is defined by a progressive rise in toughness values as the wet-dry 

cycles occur, shifting from low to high values. The hybridization with external glass fibers 

in the stacking sequence is able to potentially avoid this issue. Hybrid composite showed 

adequate mechanical stability during the alternating wet-dry cycle, evidencing good 

recovery ability mainly in terms of stiffness and toughness. 

In the pursuit of further deepening the understanding of this research area, our future 

investigations will focus on carefully differentiating the different impact of reversible and 

irreversible mechanisms on the material's toughness.  

4. CONCLUSIONS 

In order to determine the impact of alternating aging cycles on their mechanical 

performances, flax, glass and hybrid flax/glass fiber reinforced epoxy composites were 

subjected to a humid/dry cycle and their flexural features were evaluated at various interval 

time during the humid and dry phases. To summarize, it may be stated that the degradation 

mechanisms occurred during the humid phase affect mainly the strength and stiffness of 

flax fiber reinforced composites. Hybridization allowed a performances stabilization: i.e., 

a residual strength reduction of about 10% can be identified at the end of the alternating 

humid/dry cycle.  

The different strength and stiffness trends for all composite laminates have a significant 

impact on the material toughness. These findings, condensed into a simplified topological 

toughness map, aim to illustrate visually how the composites’ toughness is correlated to 

their maximum resistance and ductility. In particular, toughness of natural fiber reinforced 

composite is notably influenced by its exposure to the humid-dry environment. This 

laminate experiences a gradual transition from low to high toughness values due to 

softening and weakening phenomena. On the other hand, hybrid composites demonstrate a 

more stable toughness trend throughout the entire humid-dry cycle. This stability can be 

attributed to the presence of glass fibers as reinforcement of the external layers of the 

laminate. The strain at failure remains quite constant during the aging, whereas the 

maximum stress reduces during the humid phase, but it recovers during the subsequent dry 

phase. Consequently, the toughness of the hybrid composite decreases by about 4% when 

aged in the salt-fog chamber but, at the same time, a clear recover of this property is 

highlighted during the dry phase, at increasing the drying time up to 21 days. 
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