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 ABSTRACT 
 
The replacement of synthetic foams with agglomerated cork in sandwich composites can meet the increasing 
environmental concerns. Its peculiar morphology and chemical composition lead to outstanding dimensional 
recovery that endorsed a broad investigation of its compressive behavior. The knowledge of neat material 
response is fundamental to obtain reliable design dataset but it is necessary to consider all the environmental 
factors (water, moisture and sunlight) that significantly modify material mechanical properties. In view of this, 
the present work investigates the effect of distilled and sea water absorption and salt fog exposure on the 
compressive behavior of two agglomerated corks with different densities to simulate their potential 
employment in marine environment. The results were suitably compared with the ones of a traditional PVC 
foam used as benchmark. A dependence of water uptake and diffusivity on cork density and water type was 
detected. The less dense cork displayed a water uptake between 36.7% and 46.5% higher than the denser cork 
and sea water uptake was between 21.8% and 44.4% lower than distilled water one. Concerning the 
compressive response, water and fog moisture plasticizing effect in wet conditions and a partial healing after 
drying due to salt crystals deposits were identified. Water plasticizing effect determined a reduction in the 
compressive modulus between 35.1% and 37.9% for the lighter cork and between 17.7% and 21% for the 
denser cork whereas fog moisture induced a reduction between 52% and 74% for the lighter cork and between 
24% and 76.1% for the denser one.        
  
Keywords: Agglomerated Cork, Water absorption, Salt fog exposure, Compressive behavior, Diffusion 
 
1 INTRODUCTION 

Polymer composites and sandwich structures are extensively used in many industrial fields thanks to the 
combination of good mechanical performances and a low weight when compared with metal components. 
Most of the times, composite materials manufacture implies the massive exploitation of chemicals and crude 
oil for the production of synthetic materials such as the polymeric matrices, i.e. polypropylene, polyethylene, 
epoxy and vinyl ester resins etc., and the fibrous reinforcements, i.e. glass, carbon and aramid fibers. The 
production rates imposed by the increasing industrial competitiveness, while neglecting the possible effects on 
the environment led to severe consequences like the Great Pacific Garbage Patch, the greenhouse effect and 
climate change. In order to counteract air, water and soil contamination, resulting from the huge emission of 
pollutants in the production phase and from the difficult disposal of these non-biodegradable products, many 
countries started to promulgate more restrictive regulations like the amendments approved to the Clean Air 
Act and Clean Water Act in 1990 in the United States and the new regulations in the field of waste management 
(2008/98/EC), packaging and packaging waste (94/62/EC), landfills (1999/31/EC) and end of life vehicles 
(2000/53/EC) approved in Europe. This green tendency aims to encourage the usage of bio-based materials 
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from renewable resources to reduce the carbon footprint of the production process and to facilitate the disposal 
at the end of the component life cycle thanks to a partial or total biodegradability.  

Sandwich structures are a particular class of composite materials where the load-bearing skin laminates are 
spaced by a light core characterized by a high shear stiffness and strength and by a satisfying out-of-plane 
stiffness to prevent a decrease of its thickness and the consequent collapse of sandwich flexural performances. 
A suitable green alternative to the traditional synthetic foams, i.e. polyvinyl chloride, polystyrene, 
polyurethane, employed as core materials was found in agglomerated cork. Cork is a cellular material 
characterized by an alveolar closed cells structure and is obtained from the bark of the oak species Quercus 
Suberus L mainly cultivated in Western Mediterranean regions, i.e. Portugal, Italy, Spain and north Africa. It 
is characterized by appealing properties, such as lightness, stunning dimensional recovery capabilities, 
resilience, low permeability to liquids and gases, good thermal and acoustic insulation, chemical stability and 
resistance to fire, ascribable to its peculiar microstructure and chemical composition. For example, the 
undulation of the lateral cell facets is the main point of strength of cork allowing it to deform largely, especially 
in compression, and to recover almost its initial dimension when the compressive load is relieved (Silva et al., 
2005; Pereira, 2015; Knapic et al., 2016). One of the main applications of natural cork is the production of 
wine stoppers thanks to the low permeability to liquids and gases, the ease to be inserted and removed by the 
bottle and its good dimensional recovery that ensures a perfect sealing preserving the quality of the wine in 
the bottle (Gibson, Easterling and Ashby, 1981). Other applications can be found as packaging and protective 
devices thanks to the good damping and energy absorbing capacities or as acoustic and thermal insulators in 
buildings to optimize energy efficiency. 

The production of wine stoppers causes the generation of huge amounts of waste that can be exploited to 
produce other types of cork planks, such as agglomerated, expanded and rubber-cork polymer composites. 
Focusing on agglomerated cork planks which can be used for structural purposes if applied as core materials, 
cork granules are mixed with a polymeric binder and are subjected to a moderate pressure and to heating in 
order to promote the curing of the polymeric binder (Gil, 2009; Knapic et al., 2016). Agglomerated cork 
potential as core material led to many research studies which focused on the comparison of the quasi-static 
(Soares, Reis and Silva, 2008; Reis and Silva, 2009; Castro et al., 2010; Mancuso, Pitarresi and Tumino, 2015) 
and dynamic (Arteiro et al., 2013; Hachemane et al., 2013) performance of traditional synthetic core sandwich 
structures with agglomerated cork ones. 

Thanks to cell walls chemical composition and morphology, the peculiar compressive response of cork arouse 
great interest and was widely investigated by Pereira (Pereira, 2015), Anjos et al (Anjos, Pereira and Rosa, 
2008; Anjos et al., 2014) and by Rosa and Fortes (M. Emilia Rosa and Fortes, 1988). If the knowledge of neat 
material behavior is fundamental, it must also be considered that environmental factors such as moisture, water 
absorption and salt fog exposure, can significantly affect material response. Lagorce-Tachon et al. (Lagorce-
Tachon et al., 2015) and Crouvisier-urion et al. (Crouvisier-urion et al., 2018) investigated the effect of 
different relative humidity (RH) conditions on the mechanical response of natural and agglomerated cork, 
respectively. Both works pointed out a decrease in cork compressive stiffness due to water molecules clustering 
which act as plasticizer for a RH higher than 53 % and a moisture content between 3-5 wt %, respectively.  
Concerning the effect of water and vapor, Rosa and Fortes (Rosa and Fortes, 1993) investigated the effect of 
water absorption on the mass and dimensional changes suffered by natural cork. Rosa et al. (Rosa, Pereira and 
Fortes, 1990) studied the effects of hot water treatment, i.e. boiling, on natural cork dimensional changes and 
compressive properties as a function of water temperature and treatment time while Rosa and Fortes (Rosa and 
Fortes, 1989) addressed the effects of water vapor heating as a function of temperature and exposure time on 
natural cork morphology and compressive response. In their work, Rosa et al. (Rosa, Pereira and Fortes, 1990) 
found out a significant softening of cork just after boiling with a pronounced reduction in its compressive 
strength. Furthermore, Rosa and Fortes (Rosa and Fortes, 1989) pointed out that the combined effect of high 
temperatures and moisture, i.e. water vapor at 100 °C and 300 °C, plays a much higher detrimental effect to 
cork compressive properties with respect to the sole effect of high temperature in air (M. Emília Rosa and 
Fortes, 1988). 
Further studies were performed on agglomerated cork core sandwich structures. Hoto et al. (Hoto et al., 2014) 
studied the effect of water absorption on the flexural behavior of sandwich structures  produced with flax and 
basalt skins and an agglomerated cork core whereas Najafi et al. (Najafi, Darvizeh and Ansari, 2018) addressed 
the effect of water on the flexural, buckling and impact response of agglomerated cork core sandwich with 
fiber metal laminates as skin. Fiore et al. (Fiore, Scalici and Valenza, 2018) and Scalici et al. (Scalici, Fiore 
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and Valenza, 2018) investigated the effect of a prolonged salt fog exposure on the flexural and Charpy impact 
response of green sandwich structures produced with an agglomerated cork core and flax and basalt skin 
reinforcements, respectively.  
The present work fits in this complex framework addressing the effect of both water absorption and salt fog 
prolonged exposure on the compressive response of the sole agglomerated cork. The enclosure of cork between 
sandwich skins tends to limit its water uptake and the exposure to salt fog, but the knowledge of its behavior 
when directly immersed in water or exposed to fog is fundamental because this scenario is highly probable as 
a consequence of skin damage and perforation after an impact. Two different types of water, i.e. distilled and 
artificial sea water, were considered in order to evaluate the effect of salt concentration on the diffusivity, the 
water uptake, the swelling and the compressive response of the natural core under study. Concerning salt fog 
exposure, different sampling times were selected in order to investigate the evolution of material behavior as 
a function of ageing time. Moreover, the effect of density on agglomerated cork response was also addressed 
selecting two different density values. For comparison purposes, all the experimental campaign was also 
carried out on a well-established polyvinyl chloride (PVC) foam employed as benchmark.   
 
2 MATERIALS AND METHODS 

2.1 Materials 

Two agglomerated corks provided by Amorim Cork Composites® and characterized by different densities were 
considered to evaluate whether a different degree of compactness of the plank could induce significant change 
in the response of cork to water and salt fog. NL10 is the lighter cork and is characterized by an average density 
of 140 kg/m3, whereas NL25 is the denser cork with an average density of 250 kg/m3. Cork granules are bonded 
together through a polyurethane binder specifically formulated for cork and suitable for ensuring compatibility 
with all polymeric resins industrially used to produce composites. Agglomerated cork behavior was compared 
with the one of a traditional closed-cell PVC foam (Divinycell HP130) in order to have a well-established 
benchmark. HP130 is characterized by an average density of 130 kg/m3, which is perfectly comparable with 
NL10 one, and is provided by Diab®. All conditioned and tested samples are cubic with a 15 mm edge length.  

2.2 Water Absorption 

To study the role of water absorption on natural and synthetic cores response, six samples for each core type 
were fully submerged in water until saturation. The immersion process was carried out in agreement with 
ASTM D570 according to the long-term immersion procedure with a water temperature of 23 °C. To disclose 
potential differences due to the salt concentration, two different types of water were considered: pure distilled 
water and simulated sea water. The simulated sea water was obtained adding 35 g of pure sodium chloride 
(NaCl, >98 %), provided by Sigma-Aldrich, to 1 kg of distilled water. This choice was made considering that 
ocean waters are characterized by a salinity of 35 ‰. Samples weight evolution was controlled performing 
periodic measurements through the digital analytical balance AE160 by Mettler Toledo (resolution 0.0001g) 
and their swelling was monitored through the periodic measurement of sample dimensions thanks to a digital 
caliper. All mass and swelling variations were calculated according to Equations (1) (ASTM D570) (Earl and 
Shenoi, 2004; Manujesh, Vijayalakshmi and Sham Aan, 2013)  and (2), respectively: 

 

𝑀 =  [
𝑀𝑡−𝑀0

𝑀0
]  𝑥 100                                                                  (1) 

 

𝜀𝑖 =  [
𝜀𝑖,𝑡−𝜀𝑖,0

𝜀𝑖,0
]  𝑥 100                                                                 (2) 

 

where Mt is sample mass at a generic weighting time t and M0 is the initial sample mass whereas εi,t is the length 
of sample side I at a generic weighting time t with I = x, y, z, i.e. one of the three main directions that 
characterize the sample, and εi,0 is the initial length of that side. At every measuring time t, swelling was 
calculated as the average value along the three main directions. Starting from the water absorption curves, it 
was possible to calculate the diffusion coefficient for each water and core type according to Equation (3) (Rosa 
and Fortes, 1993; Earl and Shenoi, 2004; Manujesh, Vijayalakshmi and Sham Aan, 2013): 
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𝐷 =  𝜋 [
ℎ

4𝑀ꝏ
]

2
[

𝑀2−𝑀1

√𝑇2−𝑇1
]

2

                                                                       (3) 

 

where h is specimen thickness, Mꝏ the moisture content at saturation and the second term in brackets 
corresponds to the initial linear gradient of the moisture uptake versus square root of time plot. In order to 
obtain reliable absorption curves and to avoid alterations due to the moisture absorbed by the as-received 
planks, all samples were pre-conditioned in oven at 60 °C for 24 hours before immersion. Of the six samples 
for each core type and each water configuration, three of them were compression tested in wet conditions and 
the remaining in dry conditions. Samples were suitably dried for 24 h at 60 °C and their mass evolution was 
strictly monitored until reaching sample mass before immersion. 

2.3 Salt Fog ageing 

The salt fog ageing process was carried out in a Weiss SC/KWT 450 climatic chamber according to ASTM 
B117. The salt fog employed is a 5 % NaCl solution with a pH between 6.5 and 7.2 and the operating 
temperature was set to 35 °C. Twelve samples for each core type were removed from the climatic chamber 
after 30, 60 and 90 days and six of them were tested in wet conditions whereas the other six in dry conditions 
after an oven drying at 60 °C for 24 hours. Of the six samples, in each testing condition, three samples were 
tested along the original plank thickness in order to investigate the out of plane properties and the other three 
samples were tested along the direction perpendicular to original plank thickness in order to investigate the in-
plane properties.  

2.4 Compression tests 

Compression tests were performed with a Zwick/Roell Z010 universal testing machine equipped with a 10 kN 
load cell, with a speed of 5 mm/min in order to comply with the requirements of ASTM C365 and applying a 
pre-load of 1 N. Tests were performed in a room with controlled temperature at 23 °C with a RH of 50 %. Both 
agglomerated cork and PVC foam compressive curves are characterized by three main regions: elastic, plateau 
and densification. The elastic region is characterized by a linear increase of the stress with the strain and is 
representative of the elastic bending response of the cell walls. This zone can be suitably described by the 
compressive modulus of the material calculated as the initial slope of the compressive curve. The plateau 
region is characterized by almost a constant stress for increasing strain and describes the progressive collapse 
of the cells and the approach of opposite cell walls. In the case of cork, cells experience buckling without 
undergoing fracture thanks to cell walls corrugation whereas PVC foam rigid cell walls undergo fracture and 
collapse once reached the critical stress value. In light of this, PVC foam plateau region can be described 
considering the yielding point that can be univocally identified. More complex is the scenario for agglomerated 
cork where the stress in the plateau region is not perfectly constant with strain and the consideration of different 
plateau stress values for increasing strains is advisable. In particular, the plateau stresses at 20 % and 30 % of 
deformation and the initial plateau stress calculated according to the procedure shown in Figure 1 of Appendix 
A were used in this work. The densification region is characterized by a steep increase in the compressive 
stress for very low increments in strain and this is due to cell walls interactions. The steep increase in the 
compressive curve slope allows to recognize easily the densification region, but more complex and less 
unambiguous is the identification of the densification stress, i.e. the stress at which densification begins. A 
compelling method to overcome the problems connected with densification stress calculation was proposed by 
Avalle et al. (Avalle, Belingardi and Montanini, 2001). In their work, Avalle et al. defined a new parameter 
useful to quantify the energy absorbing capacity of a good energy absorbing material, i.e. the efficiency. It is 
defined according to Equation (4) as the ratio between the energy absorbed by the material up to a certain 
strain (ε) and the stress (σ) at that strain:       

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
∫ 𝜎(𝜀)𝑑𝜀

𝜀

0

𝜎
                                                                (4) 

 

Plotting the efficiency as a function of stress, it is possible to obtain a curve characterized by a peak and the 
stress value at which this peak appears represents the densification stress that can be so identified 
unequivocally. The appearance of this peak is due to the fact that, beyond the densification stress, the increase 
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in absorbed energy becomes much lower than the corresponding stress growth thus causing a drop in the 
absorbing efficiency.  

2.5 SEM and EDS analysis 

All samples subjected to sea water absorption and salt fog exposure were analysed through Scanning Electron 
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) in order to identify possible deposits or 
infiltrations of sodium chloride (NaCl) in agglomerated cork cell walls. Considering that both natural and 
synthetic cores are characterized by a low electrical conductivity, all specimens were sputter coated with a thin 
layer of gold to prevent charging.  

 

3 RESULTS AND DISCUSSION 

3.1 Water Absorption 

The water absorption behavior of NL10 and NL25 agglomerated corks and HP130 PVC foam until saturation 
was investigated and the corresponding results are reported in Figures 2 and 3 and Table 1. In particular, Figure 
2 displays the water absorption and swelling curves of each core material and each water type as a function of 
the square root of immersion time, Figure 3 summarizes the resulting water uptake at saturation and the final 
swelling values (numerical data available in Table S1 of supplementary materials) and Table 1 reports the 
diffusion coefficients of each experimental configuration. Despite both PVC foam and agglomerated cork are 
characterized by a hydrophobic nature, the latter presents a much higher water uptake when compared with 
the 16.77 % in distilled water and 15.44 % in sea water of the polymeric foam. This behavior could be 
explained considering cork chemical composition, in fact even if suberin and lignin, i.e. the two main 
components of cork (53 % and 26 %, respectively (Pereira, 2015)), are hydrophobic and transfer this feature 
to cork, it must be considered that water absorption is a long-term process where the effect of cellulose and 
hemicellulose, i.e. the other two main components 10 % and 12 % (Pereira, 2015), respectively, may become 
relevant. The hydrophilic nature of these two components may convert cork into a sponge after a prolonged 
exposure time in water.  

Considering that NL10 cork displays a mass change between 36.7 % and 46.5 % higher than NL25 it is possible 
to conclude that even density plays a relevant effect on agglomerated cork water uptake and, in particular, the 
lower the density the higher the mass change underwent by the cellular core. This is reasonable considering 
that the solid mass of agglomerated corks is concentrated in the cell walls and in the polymeric binder meaning 
that a lower density entails a higher air content and a higher number of channels and voids that can promote 
capillarity phenomena and hold a higher amount of water once it has diffused through the cell walls. These 
results are also coherent with the diffusion coefficients, in fact NL10 has a diffusion coefficient of one order 
of magnitude higher than NL25. This agrees perfectly with the work proposed by Earl and Shenoi (Earl and 
Shenoi, 2004) who, studying the water uptake mechanisms of closed cell polymeric foams, found out that the 
diffusant has a greater mobility when foam density is lower. The water uptake values in distilled water for both 
NL10 and NL25, i.e. 379.5 % and 240.9 %, are coherent with the ones reported by Rosa and Fortes (Rosa and 
Fortes, 1993) for natural cork immersed in water at room temperature characterized by a water uptake between 
200-350 %, depending on the analysed direction. 

Proceeding with the analysis of distilled and sea water effect, it is possible to point out a higher water uptake 
and a higher diffusion coefficient in distilled water compared to sea water for all three core materials. In 
particular, the mass change in sea water is 8.5 % lower for HP130, 21.8 % lower for NL10 and 44.4% lower 
for NL25. These results are in perfect agreement with the ones presented by May-Pat and Avilés (May-Pat and 
Avilés, 2014) who found out a lower water uptake in sea water while studying the effect of water on the 
microstructure and the mechanical properties of a 48 kg/m3 PVC foam. These outcomes are due to the presence 
of salt ions characterized by bigger size, i.e. 0.386 nm Na+ hydrated, 0.291 nm Cl- hydrated (Tanganov, 2013), 
than water molecules, i.e. 0.27 nm, which decrease the diffusion rate with respect to distilled water. Moreover, 
salt addition to pure water is responsible for a slight increase in water viscosity thus further slowing down the 
diffusion process.  
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Table 1: Distilled and sea water diffusion coefficient of each core material 

Core type Distilled Water (m2/s) Sea Water (m2/s) 
NL10 5.92×10-8 ± 8.82×10-9 1.59×10-8 ± 2.66×10-9 
NL25 6.66×10-9 ± 1.22×10-9 6.21×10-9 ± 7.70×10-10 
HP130 2.87×10-7 ± 4.97×10-8 1.90×10-7 ± 5.18×10-8 

 

Concerning the swelling, HP130 shows a limited increase in cube edge length between 0.52 and 0.59 %, 
whereas agglomerated cork is characterized by a significant increase in cube dimensions ranging between 2.9% 
and 2.93 % for NL10 and 1.99 % and 2.17 % for NL25. The latter results are perfectly comparable with the 
ones presented by Rosa and Fortes (Rosa and Fortes, 1993) who studied the water absorption behaviour of 
natural cork and found out a linear dimensional change of 2 % in both tangential and radial directions.    

Once reached saturation, samples were tested in compression to evaluate the effect played by water on the 
mechanical response of the core materials. Figure 4 reports the compressive moduli of the three core materials 
(numerical data available in Table S2 and compressive curves available in Figure S1 of supplementary 
materials) and each of them displays a reduction of this parameter after a prolonged immersion in water. The 
plasticizing effect exerted by water induces a decrease in the compressive modulus between 35.1 % and 37.9 
% in NL10, between 17.7 % and 21 % in NL25 and between 29.2 % and 31.4 % in HP130. This hypothesis is 
corroborated by the partial recovery experienced by all core types after drying, in particular a recovery between 
22.2 % and 27.8 % in NL10, between 9.5 % and 12.7 % in NL25 and between 8.5 % and 11.4 % in HP130. 
All these outcomes are in perfect agreement with the ones reported by Lagorce-Tachon et al.  (Lagorce-Tachon 
et al., 2015) and by Crouvisier-urion et al. (Crouvisier-urion et al., 2018) who highlighted a decrease in cork 
compressive stiffness for increasing moisture content. The results obtained are also coherent with the ones 
presented by May-Pat and Avilès (May-Pat and Avilés, 2014) for the 48 kg/m3 PVC foam and by Rosa et al. 
(Rosa, Pereira and Fortes, 1990) who investigated the effect of hot water treatment on natural cork compressive 
response. In particular, May-Pat and Avilès pointed out a decrease of 10 % in PVC foam compressive modulus 
after a 6-months immersion whereas Rosa et al. disclosed a decrease between 75-85 % for natural cork 
immediately after boiling in water at 100 °C. 

The initial plateau stress and the plateau stress at 20 % and 30 % of deformation are presented in Figure 5 for 
both NL10 and NL25 (numerical data available in Tables S3 and S4 of supplementary materials). Both 
agglomerated corks display a comparable trend of the plateau stress values in wet conditions. The initial plateau 
stress of wet samples is lower than neat samples for both distilled and sea water due to the plasticizing effect 
of water, as already mentioned for the compressive modulus. In particular, NL10 undergoes a decrease of 45 
% of this parameter and NL25 a decrease between 55 % and 58 %. Once entered the plateau region, cork cell 
walls start to approach each other thus reducing the cells volume and hence the space available to hold the 
absorbed water. For this reason, water will start exerting a counter pressure that will hinder the compression 
process and will counteract the plasticizing effect allowing wet samples plateau stress at 20 % and 30 % of 
deformation to progressively approach neat samples one. This hypothesis is corroborated by two proofs. The 
first evidence is that samples immersed in distilled water display a plateau stress at 20 % and 30 % of 
deformation higher than sea water ones and this is due to the higher water uptake, as previously shown in 
Figure 3, that implies a higher filling of cork cells and hence a higher counter pressure. The second evidence 
pertains wet samples damage mode that is shown in Figure 6 and that shows how the lateral facets tend to 
deform and fracture outwards. Water compression causes an excessive increase of the internal pressure in 
agglomerated cork thus inducing its outward fracture to allow water flow out.  
Moving to the analysis of dry samples, it is possible to notice that NL10 samples treated in distilled water are 
characterized by a plateau stress comparable to neat samples one whereas samples treated in sea water are 
characterized by the highest values with an increase between 20 % and 30 % compared to neat samples. 
Completely different is NL25 samples response where the plateau stress values are significantly lower than 
neat samples ones and where distilled water treated samples experience the strongest degradation. In particular, 
samples treated in distilled water experience a decrease of plateau stress values between 31 % and 61.5 % 
whereas samples treated in sea water a decrease between 23.5 % and 39 %.     
The divergence in plateau stress evolution observed in NL10 and NL25 can be ascribed to their different 
density and hence to the different degree of compactness. The dimensional changes experienced by NL10 and 
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NL25 due to swelling were previously introduced and an increase between 2.90 % and 2.93 % was registered 
for NL10 and between 1.99 % and 2.17 % for NL25. Considering that water absorption concerns not only the 
external cells of the samples but also inner ones, it is reasonable to infer that even the inner parts of the sample 
will experience swelling. The high porosity of NL10 provides granules with enough empty space to swell 
freely thus ensuring the possibility to adapt to the dimensional changes. Opposite is NL25 situation, the higher 
compactness tends to hinder the swelling phenomena promoting the formation of internal stresses that 
jeopardize polymeric binder integrity and hence the compressive response of dried samples. As previously 
mentioned, sea water dried samples display the highest plateau stress values in the case of NL10 cork and a 
lower degradation of the mechanical properties in the case of NL25. This is due to the penetration of NaCl in 
cork cell walls and to the deposition of salt crystals in cork voids, such as lenticular channel and cells, as a 
consequence of water removal, which act like a reinforcement. This conclusion is supported by the SEM and 
EDS analyses which allowed to identify NaCl traces in cork cell walls and to detect salt sediments in the cells. 
The micrograph in Figure 7 shows a salt crystal deposited in a NL10 cell which was definitely identified as 
NaCl through the EDS analysis, always shown in Figure 7, that reports a considerable amount of sodium (Na) 
and chloride (Cl). The other elements detected are carbon I, which is the main constituent of cork 
macromolecules, and gold (Au) added through the sputter coating process necessary to make the sample 
conductive.     
The evolutions of HP130 yielding and densification stresses are presented in Figures 8 and 9, respectively. 
Both parameters, as already observed for the compressive modulus, experience a strong decrease when tested 
in wet conditions and a partial recovery after drying. The decrease in yielding and densification stresses in wet 
conditions must be ascribed to water plasticizing effect and the only partial recovery in dry conditions is due 
to the permanent damage induced in foam microstructure as already acknowledged by May-Pat and Avilés 
(May-Pat and Avilés, 2014). They identified a permanent damage of the outer cells in the form of small pits 
and wall breakage after an exposure to water of only 28 days. Some clarifications are required for the 
densification stress, in fact in the case of HP130 it is characterized by the same tendency already acknowledged 
for the yielding stress, but in the case of NL10 and NL25, the huge amount of water contained in the cells 
induces a strong counter pressure that leads to a densification stress in wet conditions higher than neat samples 
one (numerical data available in Table S5 of supplementary materials). Even for the PVC foam the combination 
of SEM and EDS analyses allowed to reveal NaCl crystals trapped in HP130 cells as shown in Figure 10. 
Despite salt deposits, HP130 samples immersed in sea water display the same performances of samples 
immersed in distilled water in wet conditions. This is due to the intrinsic higher mechanical properties of the 
polymeric foam when compared to agglomerated cork ones that make NaCl contribution almost negligible.   

3.2 Salt Fog Exposure 

After the investigation of water absorption effect on NL10, NL25 and HP130 compressive properties, the effect 
of a prolonged salt fog exposure was also investigated for both out-of-plane and in-plane directions. Figure 11 
shows the wet and dry compressive modulus, initial plateau stress and densification stress values as a function 
of the exposure time (numerical data available in Tables S6, S7 and S8 and out-of-plane compressive curves 
available in Figure S2 of supplementary materials). In the case of out-of-plane properties, the results were 
suitably compared with prolonged sea water immersion ones. As already acknowledged for prolonged water 
immersion, all core materials experience a reduction in compressive modulus after salt fog exposure when 
tested in wet condition due to the plasticizing effect played by moisture. In particular, NL10 undergoes a 
compressive modulus reduction between 52 % and 67 % along the out-of-plane direction and between 65 % 
and 74 % along the in-plane direction, NL25 a reduction between 24 % and 45.2 % along the out-of-plane 
direction and between 71.6 % and 76.1 % along the in-plane direction and HP130 a reduction between 21.2 % 
and 25.9 % along the out-of-plane direction and between 19.6 % and 37.9 % along the in-plane direction. In 
their works on the flexural behavior of agglomerated cork sandwich structures exposed to salt fog ageing, Fiore 
et al. (Fiore, Scalici and Valenza, 2018) and Scalici et al. (Scalici, Fiore and Valenza, 2018) found out similar 
results, namely a decrease in both flexural modulus and strength  of the composite. When tested in dry 
conditions, each core material experiences a partial recovery of the compressive stiffness as already 
acknowledged for the prolonged water immersion. Focusing on HP130, it is possible to observe that the higher 
salt fog exposure time the stronger the detrimental effect on the dry compressive modulus that becomes 
maximum in sea water prolonged immersion condition.        

Moving to the analysis of the plateau stress, a sharp drop in this parameter can be observed in wet conditions 
for all core materials due to the already mentioned moisture plasticizing effect, whereas more complex is the 
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analysis of the results in dry conditions. In wet conditions, NL10 samples immersed in sea water are 
characterized by the highest plateau stress along the out-of-plane direction and the higher salt fog exposure 
time, the higher this parameter for both out-of- plane and in-plane directions. This is perfectly conceivable 
considering that the higher the exposure time, the higher NaCl penetration in cork cell walls and salt crystal 
deposition in cork voids after water removal. This hypothesis is corroborated by the morphological analysis 
carried out by SEM and EDS and shown in Figure 12 which displays a vast NaCl crust on NL10 cell walls and 
the corresponding elemental analysis.  

It was explained how the prolonged immersion of NL25 in water causes a conspicuous inner swelling of the 
specimen and the consequent formation of internal stresses which undermine polymeric binder integrity and 
hence the compressive response of the dried samples. In this framework the healing effect played by NaCl 
deposition and absorption in the cell walls did not allow to obtain a full recovery of the plateau stress. The 
situation is different when salt fog exposure is considered as also confirmed by NL25 wet samples damage 
mode as a function of fog exposure time shown in Figure 13. Salt fog aged samples tested in compression in 
wet conditions remain compact without suffering outward fractures contrary to sea water immersed samples. 
This entails that the sample is not saturated and that the internal swelling is less severe thus reducing the 
deterioration of the polymeric binder. This hypothesis would allow to explain why in this case NL25 acts like 
NL10 displaying a higher plateau stress for an increasing exposure time. In fact, the lower degradation of the 
polymeric binder permits to take advantage of the reinforcing effect played by NaCl. As already seen for NL10, 
salt crystal deposits were identified in NL25 microstructure by SEM and EDS as proved by the micrograph 
and the elemental analysis in Figure 14.       

 Moving to HP130 PVC foam, it is possible to notice that the detrimental effect played by salt fog on the in-
plane plateau stress is almost constant and does not vary with the exposure time whereas in the out-of-plane 
direction the higher the exposure time, the lower the decrease suffered by the plateau stress. This discrepancy 
in material response could be explained considering that PVC foam cells are elongated along the z-axis making 
the planes parallel to this axis denser (Tita and Caliri Junior, 2012) and hence the higher NaCl deposition the 
better it could contribute to material strengthening and counteracting the detrimental effect of moisture on 
foam microstructure. This effect is not significant along the x-y axes because the planes parallel to these 
directions are characterized by extensive hollow areas left by the elongated cells and the deposition of little 
amounts of NaCl crystals is not able to provide a reinforcing effect to such an extent. The densification stress 
values in dry conditions of all core materials display a trend perfectly comparable with plateau stress ones, but 
some clarifications are needed for the densifications stress of agglomerated cork wet samples. Wet samples 
plateau stress is almost constant regardless of salt fog exposure time, but this is not true for the densification 
stress that becomes higher for increasing exposure time until reaching the highest value when saturation in sea 
water is considered. A higher exposure time entails a higher filling of cork cells with water and moisture that 
shifts the densification process to lower strains and causes an increase in material reaction force due to the 
compression of the water trapped in the cells.  

 

4 CONCLUSIONS 

The thorough understanding of the mechanical behavior of a neat material is crucial to standardize its 
employment and reduce the risk of setbacks. If this design step is essential, it must also be considered that 
environmental factors such as rain, moisture, wind and sunlight can modify significantly the material response. 
In light of this awareness, the present work aims to investigate the effect of two possible environmental 
scenarios, i.e. water absorption and salt fog prolonged exposure, on the compressive response of two types of 
core material: a classical synthetic PVC foam and two bio-based agglomerated cork with different densities. 
The results obtained allowed to disclose important findings and to draw interesting conclusions.  

Despite the hydrophobic nature of both PVC foam and agglomerated cork, the prolonged immersion in water 
makes relevant the contribution of the hydrophilic components present in cork, i.e. cellulose and hemicellulose, 
making it acts like a sponge and causing the absorption of a huge amount of water. Density has a relevant 
effect on agglomerated cork water uptake and, in particular, the lower the density the higher the mass change 
experienced by the cellular core. Actually, a lower density entails a higher air content and a higher number of 
voids that allow to hold a higher amount of water. Sea water promotes a lower water uptake and a lower 
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diffusion coefficient compared to distilled water due to the presence of salt ions characterized by bigger size 
than water molecules which decrease the diffusion rate. 

From the mechanical response point of view, all samples tested in wet conditions display a decrease in the 
compressive properties due to the plasticizing effect played by water and moisture. More complex is dry 
samples scenario, in fact both HP130 and NL25 immersed in water undergo a reduction of the compressive 
performances due to the permanent damage induced in the microstructure whereas NL10 experiences a partial 
recovery of the plateau stress thanks to the reinforcing effect played by the absorption of NaCl in cork cell 
walls and its deposition in the form of salt crystals. This reinforcing effect turned out to be relevant even for 
NL25 and HP130 in salt fog exposure because the detrimental effect of moisture on foam microstructure and 
agglomerated cork binder is less severe than water penetration one thus allowing a higher recovery of plateau 
stress for increasing exposure time.  

 

APPENDIX A 

• The elastic and the plateau regions of the compressive curve were isolated and the corresponding 
interpolation lines were drawn. The plateau initial value is obtained as the intersection point between 
the elastic region and the plateau region interpolation lines.  
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Figure Captions 
 
Fig. 1: Exemplifying procedure for initial plateau value calculation 

Fig. 2: Water absorption and swelling curves of NL10 and NL25 agglomerated corks and HP130 foam as a 
function of immersion time 

Fig. 3: Water absorption and swelling values at saturation for NL10 and NL25 agglomerated corks and HP130 
foam  

Fig. 4: Compressive modulus of NL10, NL25 and HP130 before and after immersion in distilled and sea water  

Fig. 5: Initial plateau and plateau at 20 % and 30 % of deformation before and after immersion in distilled and 
sea water of NL10 

Fig. 6: Initial plateau and plateau at 20 % and 30 % of deformation before and after immersion in distilled and 
sea water of NL25 

Fig. 7: NL10 and NL25 wet samples damage mode 

Fig. 8: Salt crystal deposit in a NL10 cell and the corresponding EDS analysis 

Fig. 9: HP130 yielding stress before and after immersion in distilled and sea water 

Fig. 10: Densification stress of NL10, NL25 and HP130 before and after immersion in distilled and sea water 

Fig. 11: Salt crystal deposits in a HP130 foam and the corresponding EDS analysis 

Fig. 121: NL10, NL25 and HP130 wet and dry compressive modulus as a function of salt fog exposure time 
along out of plane and in-plane directions 

Fig. 132: NL10, NL25 and HP130 wet and dry plateau stress as a function of salt fog exposure time along out 
of plane and in-plane directions 

Fig. 14: NL10, NL25 and HP130 wet and dry densification stress as a function of salt fog exposure time along 
out of plane and in-plane directions 

Fig. 15: Salt crystal deposit on NL10 cell walls and the corresponding EDS analysis 

Fig. 163: NL25 deformation mode in compression as a function of salt fog and sea water exposure time 

Fig. 17: Salt crystal deposit on NL25 cell walls and the corresponding EDS analysis 
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