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Abstract

This article investigates and compares the effects of hydrothermal aging on carbon fibre / Elium™
thermoplastic composite and on carbon fibre / vinylester thermoset composite for marine
application. Accelerated aging tests are performed by immersion in deionised water at 70 °C.
Water diffusion, monitored by regular weighing, shows that both composites as well as Elium™
resin exhibit non-Fickian behaviour. Analytical models are proposed to fit the experimental
curves and to identify and compare diffusion parameters. The aging effects on the microstructure
are evaluated using SEM, while irreversibility of degradation mechanisms is investigated by
desiccation tests. Mechanical tensile tests, performed before and after aging, show the slight
impact of water on tensile modulus and tensile strengths for both materials. Furthermore, it was
found that shear modulus and interlaminar shear strength undergo significant alteration related to
irreversible physicochemical degradation of the matrix. Studied materials have shown different

diffusion behaviours, but similar mechanical properties evolutions.
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1. Introduction

During last few decades, composite materials have replaced wood and metals in many marine
applications such as sailing and pleasure boats. The first composite boats appeared in the early
60s, nowadays, more than 90% of pleasure boats are made from composites. While thermoset
composites are generally used in producing large marine structures by resin infusion process, their
thermoplastic counterparts are less present in marine applications due to specific parts processing
methods like autoclave and compression moulding. Thermoplastic composites offer considerable
advantages such as increased toughness, recyclability and reparability. Recently, a new
thermoplastic acrylic resin, called Elium™, has been developed by Arkema [1]. The Elium™
188-0 resin have the advantage of being liquid and having a low-viscosity (=100 mPa.s) at 25 °C
[2]. This novel reactively polymerized liquid thermoplastic resin opens new possibilities for room
temperature manufacturing processes such as Vacuum Assisted Resin Infusion (VARI ) [3,4] and
Vacuum Assisted Resin Transfer Moulding (VARTM ) [5-7]. The acrylic resin undergoes radical
polymerization by peroxide compounds initiation resulting in a PMMA like matrix [8]. During
the curing step, covalent bonds are created to obtain entangled macromolecular chains with strong
interactions between methacrylate side groups and primary carbon of the main chain. In return,
thermosets are cross-linked polymers with a single three-dimensional macromolecular chain.
Several authors have compared mechanical properties like tensile, compressive, shear and impact
performances of Elium™ based composites to their thermoset-reinforced counterparts. Results
are found to be in the same range, except for impact resistance as acrylic composites show
significant higher results [9-11].

Over their service life in marine environment, boats are subjected to various and coupled stresses.
In addition, the temperature, composition and salinity of seawater are known to be harmful for
materials when exposed for long periods [12]. Despite the layers of protection applied to the
structure, the harsh environment may cause harmful damages to the submerged parts. The aging

of composites in immersion can be described by several phenomena like diffusion in which water



molecules ingress into free volumes of the material [13]. Other marine aging effects on
composites can be osmosis, blistering, marine fouling, cavitation and erosion. The consequence
of composite aging under moisture and/or water are either physical or chemical [12,14]. Physical
aging includes reversible phenomena such as plasticization and swelling, which are characterised
by the alteration of the spatial configuration of polymer macromolecular chains without any
modification of their chemical structure. On the other hand, chemical aging concerns any
phenomena involving a chemical modification of the material like hydrolysis. Both of those two
aging mechanisms are usually superimposed. At macroscopic scale, the kinetics of water diffusion
into composite material are frequently modelled by Fick’s second law as presented in the
theoretical development of Crank [15]. The water content rises gradually and then reaches a
saturation plateau depending on the polarity [16] and the solubility parameters of the polymer
[12]. The saturation water content is an indicator of the hydrophilic affinity of polymer matrices.
When exposed to moisture, the liquids penetration tends to spread polymer macromolecules
inducing an increase of the mobility of molecular chains and shorter molecular side-groups having
an increase in the free volume of the polymer as a consequence. These phenomena generally lead
to a lowering of polymer’s glass transition temperature. When such phenomena occur in
polymers, or when the composite presents structural defaults, a deviation from Fickian diffusion
is generally reported and thus semi-empirical Fickian-modified models are developed to assess
diffusion Kinetics. If the matrix itself exhibits abnormal behaviour also called non-Fickian
behaviour, then the entire composite will have non-Fickian behaviour. Then again, if the
composite contains porosities, cracks or delamination, the diffusion can be altered. Several
authors have developed different models in order to better understand the material “anomalous”
response. Bao and Yee [17,18] and Roy et al.[19] proposed a time-dependent diffusion coefficient
model in order to fit their experimental results. Chen et al. [20] proposed a concentration-
dependent diffusion coefficient model, while Weitsman [21] proposed a time dependant boundary
condition. Other authors were interested in Fickian models where diffusion-relaxation coupling

is taken into account suggesting that an initial part of the absorption is dominated by diffusion,



while the second stage is dominated by relaxation. In other words, moisture transport is a
combined effect of physical diffusion and chemical interactions. Carter and Kibler developed a
Langmuir based model, which supposes that a part of the solvent molecules diffuses freely in the
accessible free volume, while the other part is retained by weak interactions with hydrophilic sites
[22]. More complex models were developed on the basis of chemical degradation occurring
simultaneously with diffusion [23], and on diffusion in cavities [24].

In terms of water diffusivity and marine durability, few works were already published concerning
Elium™ and Elium™ based composites, compared to deeply studied thermoset based
counterparts [25]. Immersion effects of neat Elium™ resin and its glass or carbon fibre reinforced
composites in seawater are found to be recoverable after drying. Compared to a marine grade
epoxy resin system, the durability is found to be slightly better. In higher aging temperatures,
irreversibility of the drop in mechanical properties is related to poor fibre/matrix adhesion due to
incompatible sizing [26]. Despite the fact that Elium™ resin showed Fickian behaviour at
different aging temperatures, non-Fickian behaviour is observed for carbon and glass fibre/
Elium™ composites [27]. Aging effects on fatigue behaviour of acrylic matrix composites under
tensile and flexural loading showed good recovery of properties compared to glass and carbon
reinforced marine grade epoxy [28].

In this work, hydrothermal aging behaviour of the Elium™ neat resin and carbon fibre reinforced
acrylic resin are investigated at a constant temperature in analogy with an equivalent thermoset
composite usually used in marine applications. Diffusion parameters based on both Fickian and
modified-Fickian models are compared using optimisation algorithm in order to better understand
degradation phenomenology. Based on both microscopic observations and quasi-static

mechanical properties, the changes in microstructure and the effects of aging are discussed.



2. Materials & methods
2.1. Materials and manufacturing process

In this study, a commercial balanced carbon fibre stitched biaxial fabric is used. It is a Cbx600
24K T620 from Sicomin with a density of 1.77 g/cm?® and areal weight of approximately 629 g/m?.
It consists of two UD layers (T620SC-24k-50C 1850 tex) of an areal weight of 309 g/m?, each
superposed in £45° directions and stitched by a thermoplastic polyester (PES) binding yarn of an
areal weight of 9 g/m2. The compatibility of the fabric is for general use like epoxy, polyester,
vinylester, and phenolic resin. No special sizing for acrylic resin is used. Two resins are used in
this study; the first is the Elium™ 188-O kindly provided by Arkema (Lacq, France). The detailed
formulation given by the supplier shows that the majority of the polymer consists of a methyl
methacrylate copolymer (70 — 90%), citral (< 5%), hydro-treated light paraffinic distillates
(petroleum) (< 2%) and other additives. When the Perkadox CH-50X dibenzoyl peroxide initiator
(AkzoNobel) is added to the liquid polymer, it undergoes radical polymerization followed by an
exothermic peak. According to datasheet, recommended peroxide ratio is from 1.5% to 3%
depending on the reactivity needed. The polymerization occurs at room temperature so no need
for post-curing. However, Arkema recommend a post-curing at 80 °C for 4 hours for optimal
mechanical properties [29]. The second resin is a pre-accelerated epoxy bisphenol-A vinylester
modified resin Atlac® E-Nova MA 6215 from Aliancys. The low viscosity vinylester resin (80 —
90 mPa.s), hereinafter called ‘VE’, can be cured with normal methyl ethyl ketone peroxide like
Butanox M50 and is formulated for marine applications. Table 1 compares the physical and
mechanical properties of the two resin systems at 25 °C and 3% of Benzoyl peroxide (BPO)

initiator CH50X and Butanox M50 hardener for Elium™ 188-O and VE resins, respectively.



Table 1 : Comparison of the physical and mechanical properties of Elium™ 188-O and VE

resin
Properties Elium™ 188-O Vinylester
Viscosity (mPa.s) 100 80-90
Density (g/cmd) 1.2 1.18
Peak time (minutes) 55 70-82
Heat Deflection Temperature (°C) 109 105
Tensile Strength (MPa) 76 70
Tensile Modulus (GPa) 3.3 4
Tensile Deformation (%) 6 2-3
Flexural Strength (MPa) 130 120
Flexural Modulus (GPa) 3.25 4

To produce neat resin samples, casting method is used. Elium™ resin and BPO initiator were
manually mixed in a weight ratio of 3%, and then the mixture was casted vertically between two
rectangular glass plates covered with Teflon sheet to ensure demoulding. The same method was
used for vinylester resin and M50 hardener mixture. The 4 mm thickness plates hereby casted
were left to polymerize for 24 hours at room temperature in the closed mould. Composite plates
of 400x400 mm?2 were manufactured by resin infusion at room temperature. Once the resin flow
achieved the end of the 4 plies fabric stack, resin inlet and vacuum outlet are closed. The infused
plate was left to polymerize at room temperature for 24 hours. As for neat resin samples, no post-
curing of composite plates was performed because, in contrast with boat manufacturing process
in the shipyard, infused boats are left to cure at ambient temperature.

Fibre, matrix, and void volume fractions calculations are performed using density measurements
with helium gas pycnometer of composite samples cut at random emplacement of the plate. The

fibre volume fraction V; (%) is calculated using Equation 1 below.
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Where py is the fibre density (g/m®), V. is the composite volume (m®) and W/ is fibre weight (g),
calculated using Equation 2.

Wy =4, XNXLxI Equation 2
Here, A,, is the fabric areal weight (g.m™2), N is the number of plies, L and [ are the composite

length (m) and width (m) respectively. Equation 3 gives the resin volume fraction V..

VVC_
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V= PRI 100 Equation 3
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Where W, is the composite weight (g) and p,. is the resin density (g/m®). Finally, the void volume
fraction V, is calculated using Equation 4.
W =100 = V;=V: Equation 4

Once demoulded, the plates were stored in a climatic chamber at 23 °C and 50% RH until sample
preparation. For that, a circular saw is used with water cooling system. Different samples
dimensions were cut according to the tests requirements. The details about infused plates and
different constituent fractions are presented in Table 2. The values given here are the average of
at least two measurements with standard deviation in brackets.

Table 2: Processing parameters of infused composite plates

Material CF/ Elium™ 188-0O CF/Vinylester
Laminate sequence [(0/90) 4] [(0/90) 4]
Fibre weight fraction 71.2 (0.28) 71.1(1.13)
Fibre volume fraction 61.8 (1.94) 59.0 (0.65)
Resin volume fraction 33.8 (1.98) 38.7 (0.24)
Void volume fraction 4.5 (0.04) 2.2 (0.40)

2.2.  Sample conditioning and accelerated hydrothermal aging

Before starting the accelerated aging test, samples were conditioned in a laboratory oven at 40 °C
and less than 10% RH for nearly 40 days. The weight of the samples was monitored until reaching

an effective equilibrium state. Then samples of both neat resins and carbon fibre reinforced



Elium™ (denoted CF / Elium™) and carbon fibre reinforced vinylester (denoted CF / VE)
materials were immersed in deionised water which is shown to be more aggressive in terms of
moisture absorption and the consequent decrease in material properties than seawater and salty
water for polymers and their composites [30,31]. A high temperature of 70 °C was chosen to
accelerate the diffusion process with respect to both Elium™ 188-O and VE resin glass transition
temperature (Tg), which were found to be 102.5 °C and 115.7 °C, respectively, to avoid any
activated side effects. Once immersed, samples weight is monitored using a +0.1 mg accurate
scale (Sartorius Secura225D-1S) according to ASTM D 5229/D 5229M — 92 standard
specifications. The average amount of absorbed water in a sample M; (%) was taken as the ratio
of the mass of the water in the material to the mass of the oven-dry material and expressed as

follows [32]:

0
M (%) = lTO x 100 Equation 5

Where W; is the current specimen mass and W, is the oven-dry specimen mass. The water uptake
is measured regularly during aging and then water absorption is reported as a function of square
root of time. Once a saturation plateau was achieved, some samples were tested to check the
mechanical properties at the aged state. In addition, other samples were dried in the oven at 40 °C
until reaching an equilibrium state. Figure 1 represents a detailed scheme of the implemented
aging protocol. The purpose of this aging scheme is to assess the effect of different material state,
depending on their water content, on the mechanical properties. The reversibility of the aging is

also studied via the final drying step.
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Figure 1 : Scheme of the aging methodology
2.3.  Mechanical properties assessment
Quasi-static tensile test:

Tensile tests were performed accordingly to the ISO 527-4 standard on an MTS Criterion 50
tensile machine equipped with a 100 kN load cell. Sample dimensions are 250 mm length, 25 mm
width and around 2.5 mm thickness. After surface sanding and cleaning, aluminium tabs
(50x25%x2 mm?®) were bonded to the tests specimens using Loctite Super Glue 3 adhesive. Then,
test specimens were painted and speckled in order to use digital image correlation (DIC) to
evaluate the in-plane strain tensor [33]. All the tensile tests were carried out at a crosshead speed
of 1 mm/min in ambient atmosphere. Samples were tested at the reference and the final aged
condition (Figure 1). Images for DIC and load were simultaneously acquired by a LabVIEW
software.

Interlaminar Shear strength analysis:

Commonly referred as ILSS, the short-beam test method was used to monitor the quality of
fibre/resin bond in the interphase area by means of failure resistance calculations and failure

modes observations. According to ASTM D2344 / D2344M standard, the test consists of a three-



point bending test with adapted close support on a Zwick-Roell testing machine (model B
Z010/TH) (Figure 2)

For this test, specimens were machined from plates of 5 mm thickness (8 plies of carbon fibre
fabrics). Samples were cut in accordance with the recommendations of the standard, with a span
length of 20 mm and the dimensions were (30 x 10 x 5) mm?. The load was applied at 1
mm/minute on load cell of 10 kN and an accuracy of 0.1 N. The apparent interlaminar shear

strength z, expressed in MPa, is calculated using the following equation:

3 P, Equation 6
=-x
T4 bxnh
P

6.0 mm [0.25 in] dia.
Specimen loading nose.

3.0 mm [0.125 in] dia.
? supports.

le———Span Leng Note: Span between supports
I H is fixed for any one test.
*P/Z P2 *

pe——Specimen Length———

Figure 2 : ILSS device (left) and test diagram (right) for rectangular laminates
where: B, is the maximum load observed during the test (N), b and h are the measured width and

thickness (mm), respectively.
2.4. Scanning Electron Microscopy (SEM):

Scanning electron microscopy can provide more detailed information on the fibres, matrix and
fibre/matrix interface state. All those components have been observed before and after aging. An
FEI Quanta 200 FEG was used for image acquisition. To do so, polished sections were prepared
by casting a polymer in a specimen holder. After polymerization, the top surface of the samples

was polished and a thin carbon foil was applied using a Balzers CED030 metal coater.
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3. Results and discussion
3.1.  Kinetics of water absorption
3.1.1. Case of resins

In this study, hydrothermal aging mechanisms are accelerated by increasing the temperature. The
experimental and numerical fitted water absorption curves as a function of the immersion time of
both resin systems samples of identical dimensions are presented in Figure 3. For VE resin
coupons (Figure 3.a), having dimensions of 50x50x4 mm?, absorption curves follow a typically
Fickian diffusion, explained by an almost unidirectional diffusion through the thickness of the
plates, and can be divided into two stages. The first part shows a linear evolution of the quantity
of water absorbed as a function of the square root of time. After 170 hours of immersion, an
intermediate equilibrium plateau is observed at the level of 1.15% of the amount of water
absorbed. Then, after about 1700 hours, a new build-up is observed. This phenomenology known
as two-stage water diffusion is related to irreversible reactions between the polymer chains and
water, with the formation of hydrogen bonds [34]. For Elium™ 188-O resin, the diffusive
behaviour is different. A first linear part up to 64 hours of immersion and around 2% of water
content is followed by a change of the slope. The behaviour is non-Fickian since a saturation
plateau is not reached during the total immersion period. This type of diffusive behaviour shown
in Figure 3.b is usually accompanied by a phenomenon of damage, which increases over time
[35]. According to the manufacturer, the Elium™ resin consists of around 50% to 85% of methyl
methacrylate (MMA) monomer. In the literature, the saturation level of Poly(methyl
methacrylate) (PMMA\) is about 2.2% at 27 °C [36]. In the presence of high temperature, the
mechanism of aging is accelerated and the PMMA undergoes hydrolysis at the level of the lateral
groups. Water molecules diffuse into the material by establishing hydrogen bonds with the polar
carbonyl groups of PMMA. There is then a change in the polarity of side groups: more polar acid

groups replace the initial groups. The formation of these acidic groups causes an increase in
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hydrophilicity. It has been shown that in PMMA whose polarity has been increased, absorbed

water forms clusters on the surface of the material [37].
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Figure 3 : Experimental data and model results of water absorption as a function of the square
root of the immersion time of (a) VE and (b) Elium™ resin specimens immersed in water at 70
°C

3.1.2. Case of composites

Carbon fibre reinforced vinylester and Elium™ composite specimens are immersed in deionised
water. At relatively high temperatures, sorption mechanisms are accelerated and degradations can
worsen. For both composites, mass gain curves square shaped specimens (180x180x2.5 mm?) are
shown hereafter. Figure 4.a shows the evolution of the amount of water absorbed for CF / VE
composite samples. The first part of the curve is linear, which corresponds to Fickian diffusion
kinetics. A pseudo-saturation plateau is then observed at the level of 0.35% of water content,
before a gradual drop in the overall mass gain. This instability, due to the high temperature of
aging, corresponds to a loss of weight related to an irreversible chemical degradation. The
chemical decomposition occurs mainly in the form of decohesion between the fibres and the
polymer, caused by leaching along the fibre / matrix interphase, as well as by hydrolysis, i.e.
breaking of the lateral groups of polymer chains followed by chain splitting [35]. This

phenomenon has been observed by Kootsookos et al. [38]. Considering that the crosslinking of
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vinylester resins at room temperature is usually not complete without post-curing, the ester groups
contained in the vinylester resin undergo hydrolysis, thus forming carboxylic acids and alcohols.
The hydrolysis reaction promotes the extraction of the low molecular weight vinylester species,
unreacted styrene and glycols from the composite into the water. Kootsookos et al. demonstrated
this reaction by analysing seawater before, during and after immersion of the glass fibre /
polyester composites [38]. Results of infrared spectroscopy show the presence of organic
compounds that are not crosslinked. These are mainly chemical entities with hydroxyl end groups.
In the case where the composites have undergone post-curing, the loss of mass is less pronounced
compared to that of the non-post-crosslinked composites. This leaching-related loss of mass is
systematic for polyester resin composites reinforced with glass or carbon fibres. This
phenomenon has also been observed by several authors [30,39-41].

Mass gain curves of CF / Elium™ composite material during aging are shown in Figure 4.b. The
evolution of the water content is not linear and a near-saturation plateau corresponding to 6.8%
is reached after about 3400 hours of immersion. The amount of water absorbed is very important
compared to CF / VE composites. This can be related to the already shown larger hydrophilicity
of Elium™ resin, which when immersed at 70 °C, moisture uptake increases drastically without
reaching saturation. This water ingression catalyses the hydrolysis of unreacted methyl
methacrylate monomer. With respect to the composites, this chemical degradation causes a
debonding of the fibres promoting the diffusion of water by capillary action along the fibre/matrix
interface. It is also necessary to mention that significant changes in colour and transparency have

been observed on Elium™ resin and CF / Elium™ composite test specimens.
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Figure 4 : Evolution of water absorption as function of the square root of the immersion time of
(a) CF / VE and (b) CF / Elium™ composite specimens
SEM images presented in Figure 5 show microstructural defects of unaged CF / Elium™

composites at the interply area compared to CF/VE composite.
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Figure 5 : SEM pictures of the microstructure of CF / VE (left) and CF / Elium™ composite

(right) before aging
3.2.  Reversible and irreversible changes induced by hydrothermal aging

In order to examine the reversibility of aging mechanisms, drying was performed in air circulating
oven at 40 °C and weight loss curves are presented in Figure 6 for both CF/VE and CF / Elium™

tensile composite samples as well as neat resins samples. Both composites reached a stabilisation
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after 96 hours of desiccation. For neat resins samples, mass variation is slower, and an equilibrium
plateau is reached after about 900 hours, then no more mass loss is observed. At this stage the
Elium™ resin samples have lost 0.31 % of their dry initial weight (before aging), and this
constitutes around 5 % of the total water content at saturation stage. In return, VE resin samples
have lost more than 0.34 % from their dry initial weight, but this represents around 30% of the
total water content when the equilibrium plateau is established during aging test. This leads to
suggest that, for VE resin, irreversible degradation took place during aging. This degradation can
be attributed to the hydrolysis of vinylester matrix by water molecules, and also to leaching of
non-cross-linked vinylester monomers as detailed in 3.3.2. Furthermore, composites reached a
dried mass 1% and 0.6 % lower than initial state before immersion for CF / Elium™ and CF / VE
composites, respectively. This residual weight loss of composite samples after desiccation could
be explained by hydrolysis of the thermoplastic and thermosetting matrices when subjected to
harsh aging conditions. This causes fibre/matrix interface weakening. In addition, leaching
phenomenon could also lead to an increase in the void volume content and so a drop in mechanical
properties. Several authors have reported the drop in mechanical properties (tensile strength,
modulus, shear strength and modulus) because of accelerated aging tests. Silva et al reported a
decrease of tensile strength when carbon fibre/fepoxy and carbon fibre/vinylester rods were
immerged in seawater [42]. In the same context, Arhant et al. [43] found that longitudinal strength
and modulus of UD carbon fibre reinforced thermoplastic composites were not significantly
affected by aging in sea water at 40 °C. For tensile tests in transverse direction and shear tests, a
considerable decrease in mechanical properties is observed, especially when water content
exceeded 1%. Thus, the noticeable drop in off-axis mechanical properties and interlaminar shear

strength is directly related to irreversible degradation occurring during aging.
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(b) neat resin and composite samples
3.3.  Modelling of the diffusion

All organic resins absorb water to some extent, while glass and carbon fibres are considered inert.
Several works studied the effects of long-term water absorption. Fick did the quantitative
exploitation of the diffusion by adopting the mathematical equation of heat transfer developed by
Fourier. According to Pritchard [44], a moisture absorption is of Fickian type if the absorption
and desorption curves (gain and loss of weight) plotted as a function of square root of time are
linear up to 60% of the maximum water content M. In this case, water absorption with constant
diffusivity can be modelled by applying the second Fick diffusion law as a function of diffusion

coefficient D expressed in m?.stand the moisture concentration c.

dc —_—
P div(—D grad c) Equation 7

In the case of a homogeneous material of infinite dimensions (e « L and e « I), the one-

dimensional Fick’s second law can be written as:

ac d0%c

Frin D 2 Equation 8

Taking into account the initial and boundary conditions of the concentration and integrating the

solution of Equation 8 over the thickness of the material, the following equation is obtained:

16



M _ 8 i 1 —m2Dt(2n + 1)? _
My, ~ mia(2n+1)? P e? ) Equation 9
n=

Where M, is the water content at time t expressed by Equation 5, M,, is the water content at
equilibrium and e is the thickness. In order to identify unknown parameters of Equation 9, an

optimisation approach relying on the construction of an objective function q is given by:

a= ) M)~ M’

i

Equation 10

With M, (t;) is the water content calculated from Equation 9 at time t; and M; is the experimental
water content extracted from the gravimetric curve. Minimizing the function q allows the
identification of different unknowns by adjusting the diffusion curve according to Fick's law to
the experimental data. The optimization algorithm is done with Matlab® software using a

metaheuristic routine called PSO (Particle Swarm Optimization).
3.3.1. Case of resins

Samples of vinylester resin are immersed in deionised water at 70 °C and results are presented in
Figure 3.a. In this study, only the equilibrium plateau is considered, which corresponds to a
saturation level Mn=1.15%. The diffusion coefficient D = 1.05 E-11 m2s? is determined by
numerical optimization as presented previously. The diffusion behaviour of vinylester resin is
well adjusted to the Fick’s law solution given by Equation 9. Furthermore, for neat Elium™ resin
coupons, the numerical fitting method of the Fick’s law solution in the 1D case cannot be applied
since no equilibrium plateau is reached and so no maximum moisture content value is available.
Regarding this absence of a saturation plateau for Elium™ resin samples while composite ones
have clearly reached equilibrium, we suggest that resin samples have a saturation level that was
not reached yet during test duration. A non-Fickian model is thus set up to model the water uptake
of aged Elium™ resin samples. This model is based on the assumption that two diffusion
processes take place simultaneously, but with different speed rates and maximum capacities for

absorbing water. The parallel dual Fick (PDF) model is generally based on the assumption that
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the physical mechanism linked to the diffusion of water molecules in free volumes and the
chemical mechanism where water molecules bind strongly to certain hydrophilic functional
groups such as resin hydroxyls, occur simultaneously [40]. This two-stage moisture transport
model has been used to interpret wet aging tests when the water uptake curves deviate from Fick’s
law solution[17,45,46]. In this case, two Fick’s processes are assumed to occur in parallel with
two different diffusion coefficients Dy, D, and water concentration levels ¢, ¢, so that the
modified Fick's second law is now:

dcy N dc, b d%c, D d%c, _
9t 9t 1 a2 25,2 Equation 11

The analytic solution for this dual Fick equation is the sum of two solutions of Equation 9 with
independent parameters. After solving, applying boundary conditions and integrating over

thickness, the solution can be then written as:

8w 1 —m2D,t(2n + 1)2
My = Mp 4 1—;2)(2714_1)2 exp o2
n=
- Equation 12
YR 8 Z 1 —m?D,t(2n + 1)
m.2 w2 . (2n + 1)2 exp e?
n=

where M, ; and M, , are two saturation levels corresponding to each individual diffusion
process. The sum of these contents gives the total water content at saturation M. Using this
parallel dual Fickian (PDF) model, anomalous water uptake is usually decomposed into a “fast”
and “slow” processes. According to the literature, the use of this PDF model can be justified in
different ways : First, the two processes correspond to a diffusion occurring in parallel in two
distinct phases of the material [47]. It may be also due to a relaxation process (“bound” water
diffusion) occurring in parallel with the normal Fickian diffusion (“free” water diffusion)
[45,48,49]. Bao and Yee justified their use of the PDF model by the water tendency to fill the
voids and cracks momently after water immersion, more specifically those at the surface, resulting
in a fast initial uptake and then slower diffusion through the polymer matrix [18]. Figure 3.b

shows the experimental data of hydrothermal aging of Elium™ resin specimens compared to the
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adjusted PDF model data, with a representation of each part of the diffusion to figure out the
diffusion rate difference. In the beginning of the curve, the behaviour is mostly Fickian and the
water absorption is in the "free" state. However, as more water gain access to the material, the
diffusion rate is slowed. This can be explained by two phenomena: As mass is gained, more water
molecules are bonded to the polymer chains. This reduces the amount of molecules, which can be
absorbed in classic diffusion by limiting the space in the nanopores. Secondly, the relaxation rate
becomes larger than the diffusion rate and governs the rest of the absorption process [50,51]. The
results of diffusion parameters identification for both resins are presented in Table 3. For
vinylester resin, water uptake parameters are optimised since no degradation took place. For
Elium™ resin, a considerable difference between the diffusion rates, suggesting that relaxation
in the acrylic resin is a slow mechanism. If we consider the comparison of VE resin behaviour to
the first stage of Elium™ resin diffusion behaviour, a good similarity is obtained.
Table 3 : Identification of water diffusion parameters into vinylester and Elium™ neat resins

via data fitting

Vinylester neat resin Elium™ 188-0 neat resin
D Moo D, My 4 D, M,
[m2.s-1] [%] [m2.s-1] [%] [m2.s-1] [%6]
1.05 E-11 1.15 2.30E-11 1.49 1.38 E-14 16.04

3.3.2. Case of composites

Several specimens of different aspect ratios are immersed in deionised water at 70 °C. As shown
in Figure 4 in section 3.1.2, the behaviour of these composites is non-Fickian. After reaching
pseudo-equilibrium, the water content of CF / VE samples decreases gradually as if there is
leaching of the material. This phenomenon was also observed by Larbi et al [39], Sobrinho et al
[52], Lee et al. [53] in vinylester or other resin systems. According to Abeyshinghe et al. [54], the
mechanism of weight loss can be attributed to the diffusion of residual water-soluble and volatile
compounds in case of incomplete polymerization, breakdown of ester groups mainly for polyester

resins hydrolysis induced by cracks and leaching. Some polyester and vinylester resins exhibit
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weight loss after reaching a maximum water uptake, especially when immersed at high
temperature. Leaching is generally a non-reversible thermally activated degradation mechanism,
during which a loss in the chemical integrity occurs under the effect of solvent. In fact, when
macromolecular chain breaks between crosslinking points, there is creation of fragments of
molecular chains, which became free in the network and could diffuse towards the outside
environment. The weight loss of samples during aging makes the identification of diffusion
parameters more complicated. Lee et al. [53] have described the fact that the correct diffusion
coefficient D cannot be obtained for a polymer which has a significant loss of weight due to
leaching mechanism because this value is strongly dependent to M, In order to assess diffusion
parameters, the same PDF model presented above is applied to the experimental water content
data of CF / VE aged composites. The comparison of experimental and fitted data are presented
in Figure 4.a. The weight gain can be divided into two distinct behaviours. The first is Fickian
absorption behaviour with a maximum water content determined via the numerical model. 1t’s
noteworthy that the rule of mixture is perfectly applicable, taking into account the 38.7% %0.24
of matrix volume fraction in CF / VE composites. The water content at saturation of the Fickian
diffusion part is a little bit higher than the experimental data, suggesting the presence of parallel
weight loss behaviour. The second curve corresponds to a mass loss linked with all previously
listed phenomena and takes place in parallel with the water absorption phase. The use of PDF
model to fit experimental data in this case is justified by the fact that the leaching promotes the
extraction of compounds as water-soluble organic non-bound substances. Boinard et al. [55]
described the leach as ‘free’ non-crosslinked monomer residues. Bagis and Rueggeberg found
that non post-cured resins leach considerably more unreacted monomer than post-cured
resins[56]. This explains the noticeable weight loss found here, as no post-cure was performed on
CF/VE samples. Furthermore, the diffusion process in carbon-fibre-reinforced Elium™ 188-O
composite samples also exhibits an anomaly over Fickian behaviour. The difference between the
behaviour of neat Elium™ 188-O resin and CF / Elium™ samples is that the diffusion process is

gradual until reaching the beginning of an equilibrium plateau after about 3600 hours of
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immersion. The PDF model is used to fit experimental curves and results are presented in Figure
4.b. By analysing the beginning of the curve, it is noted that the first stage diffusion process shows
a rapid increase in the water content until around 100 hours, representing the time at which the
relaxation mechanisms took the lead on the Fickian water diffusion. The relatively important
values of water content at saturation of the composite, compared to what they should be taking
into account the rule of mixtures, the matrix volume content (33.8%) and the estimated water
content at saturation of neat Elium™ resin (16.04 %) suggest that water diffuses not only in bulk
resin, but also in free volume and by capillarity in the fibre/matrix interstices as presented by
SEM micrographs in 83.4. In addition, the maximum water content of the first stage of the
composite is different from expected value taking into account maximum water content of first
stage of neat Elium™ resin (1.49 %) and the matrix volume content of studied composite plates.
This can be explained by already presented non-Fickian behaviour of neat Elium™ resin, and,
when immersed, composites absorb water by classical Fickian diffusion in bulk resin and by
surface defects. After the first stage, total water content continues then to increase gradually and
slowly compared to the first part (D: > D) until reaching an equilibrium state. Identified
parameters for CF / VE and CF / Elium™ composites are presented in Table 4. Comparing the
first part of PDF identified parameters (D, and My, 4) of each composite, diffusion coefficient of
the first stage is three times higher in CF / Elium™ than in CF / VE composites. In addition, first
saturation content is significantly higher for acrylic composites.
Table 4 : |dentification of water diffusion parameters into CF / VE and CF / Elium™
composites via data fitting

CF/VE CF / Elium™

Diffusion parameters
180x180x2.5 180x180%2.5

D, [m2s7] 2.91E-12 9.62 E-12
My, 1 [%] 0.45 1.68
D, [m2.s7] 1.35E-13 152 E-13
My [%] -0.27 5.24
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3.4. Scanning electron microscope SEM
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Figure 7 : SEM graphs of the cross section surface of both materials for unaged (a and c) and
aged (b and d) specimens
SEM observations were conducted on samples before aging and after 5000h of water immersion.
For CF / VE composites (Figure 7.a and Figure 7.b), water enters from outer lamina defects and
starts to propagate progressively at the fibre/matrix interface causing delamination and hydrolysis
of the side groups and leaching of unreacted monomer species. In addition, water absorption into
the matrix and thus swelling generates high stress levels at the fibre / matrix interface, which can
be spotted by the debonding at the interface. The same phenomena were reported by Hodzic et al.
[57]. In images a and c, unaged specimens of CF / VE and CF / Elium™ are presented,
respectively. Unlike vinylester composites, which presents good wetting of the fibres at unaged

state, Elium™ composites presents poor fibre/matrix interface quality marked by the presence of
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voids. Those structural defects seem to be caused by the poor compatibility between the fibre and
matrix, as the fabric have a compatibility with epoxy and epoxy modified thermoset resin and not
with acrylic resins. According to a recent study of Hendimeier et al. [58], the epoxy sizing is
soluble in MMA monomer and could be removed from fibre surface before complete
polymerisation. The voids at fibre/matrix walls can also partly explain the important amounts of
water absorbed by CF / Elium™ composites when immersed in deionised water at relatively high
temperature (70 °C). However, the results should be considered with great caution due to the
influence of the specimen preparation method (composite cutting, grinding and polishing) and
test conditions (low vacuum and high electron beam intensity) on interface quality [59]. The
images and observations at unaged state are in fact useful to inspect the defect and damage
progress in both materials when submitted to hydrothermal aging. In Figure 7.d, one can remark
the effect of water ingression on the microstructure. For aged CF / Elium™ composites, a closer
view of voids showed matrix damage and formation of pot holes as seen by Sharma et al. in epoxy
matrix [60]. A considerable growth of voids and defects may explain the large duration before
reaching saturation at high water contents. So, the quality of the fibre / matrix cohesion at the

interface is very important if moisture diffuse along this interface.
3.5. Influence of water absorption on mechanical properties
3.5.1. Tensile tests

Young modulus, shear modulus and tensile strength were determined by uniaxial tensile test on
both materials. The tensile tests are performed in longitudinal (0°/90°) and off-axis (+45°/-45°)
direction until breaking. Modulus was evaluated in the strain interval of 0.05 —0.25% using linear
regression. For each set of samples, a minimum of 4 specimens are tested. Figure 8 shows the
stress-strain curves under uniaxial tensile test of 0°/90° CF / Elium™ and CF / VE materials at
the reference and final aged states (see Figure 1). In each curve, the transverse Ex and longitudinal
€y strains are presented. For both composites at unaged and aged states, the in-plane strain €y

results confirms the overlay of reference frames corresponding to the recording camera, loading
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and orthotropie of composite reinforcement. The balanced biaxial fabric used for the samples
preparation explains the high transverse modulus compared to longitudinal one, and so the low
poison’s ratio for each material in both aged and unaged states. In all cases, the tensile curves are

linear and confirm the rigid behaviour of studied composites.
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Figure 8 : Tensile stress-strain curves of 0°/90° specimens : (a) unaged CF / VE specimens, (b)
aged CF / VE specimens, (c¢) unaged CF / Elium™ specimens and (d) aged CF / Elium™
specimens
The mean values of tensile modulus and ultimate shear strength in the unaged and aged situation
for both composite materials are presented in Figure 9. A small decrease of around 6% in the
tensile modulus of CF / Elium™ specimens between unaged and aged states, while a nearly
similar modulus is found for CF / VE material. For the ultimate tensile stress, a similar

degradation level of about 10% is found for both materials at different states. This good resistance
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after around 6 months of immersion in deionised water at 70 °C is related to the good stability of
carbon fibres in such conditions and the fact that the tensile load applied on the specimens on the
longitudinal directions involves principally the fibres.
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Figure 9 : Tensile modulus (a) and ultimate tensile strength (b) properties obtained by
longitudinal tensile test for both aged and unaged CF / Elium™ and CF / Elium™ CF / VE
samples
To evaluate the shear modulus, and to assess the degradation levels of the composite materials
after aging, off-axis tensile tests were performed. They consist on monotonic tensile tests on
samples whose fiber direction is +45°/-45°. The stress-strain curves related to this off-axis test
are presented in Figure 10. Transverse &xx and longitudinal €y strains are monitored for both
materials in both unaged and aged states. For CF / Elium™ composites under off-axis tensile test
in aged state, the ultimate stress level at breaking is reduced by around 17% (Figure 11.b). In this
type of tests, the matrix behaviour is more important since the load is not in the fibre directions.
The maximum strain at breaking is also largely altered by aging, which proves the decrease in the
ductility of the material. One also can remark that the maximum elastic stresses and strains have
not changed during aging and it is only the plastic part, which is significantly reduced. For CF /
VE composite, the ultimate stress level is also reduced by around 27% (Figure 11.b). With respect

to CF / VE composite, a significant loss in ultimate stress is observed while aging the samples,
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but the strain level at maximum stress is not impacted. Unlike results of CF / Elium™ composites,

the maximum elastic stress level is much lower after aging, while elastic strain is not impacted.
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Figure 10 : Tensile stress-strain curves of +45°/-45° (a) unaged CF / VE specimens, (b) aged
CF / VE specimens, (c) unaged CF / Elium™ specimens and (d) aged CF / Elium™ specimens
The shear modulus G is calculated from both previous test results for each material using the
following equation:

1 4 1 1 +2vLT _
G E.s E, E; E, Equation 13

E;, Erand v, are tensile moduli and Poisson’s ratio obtained from tensile tests in longitudinal
and transverse directions, E,s is the apparent modulus measured from off-axis test. In this
case, E;, = Er because the biaxial fabric used is balanced. Figure 11.a shows the variation of the
longitudinal shear modulus before and after aging. For dry specimens, the shear modulus of CF /
Elium™ samples is around the half of the shear modulus of CF / VE. The water absorption induces

a drop in the shear modulus values after saturation, and this change is more significant for CF /
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VE samples (47 % compared to just 8% for CF / Elium™ composites). This leads to suggest that,
for VE resin, irreversible degradations took place during aging, and they are behind the drop in

shear modulus and ultimate shear strength for aged CF / VE material.
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Figure 11 : Shear modulus (a) and ultimate tensile strength (b) properties obtained by off-axis

tensile test for both aged and unaged CF / VE and CF / Elium™ specimens
3.5.2. Interlaminar shear strength ILSS

Interlaminar shear strength (ILSS) is predominately governed by interfacial bonding between
reinforcing fibres and matrix at interphase and interply regions [61]. The strength is determined
by the first apparent discontinuity and drop in the load-displacement curve. Recent standards have
shown increased insistence on the accepted failure modes, with only interlaminar failure being
accepted. Standard force vs displacement curves of ILSS test are reported in Figure 12. When
specimens of both materials were tested, just few interlaminar failures were observed, and the
majority exhibited unacceptable failure modes like tension failure or plastic deformation. Tests
on unaged CF / Elium™ 5 mm thick specimens show significant dispersion of the results that is
mainly related to the void volume fraction, which is around 4.8 %, compared to 2.1 % for CF /
VE 5 mm thick samples. For the latter, the average maximum force passes from 1838.5 N at the
unaged state to 1139.9 N after aging, which represents 38% of loss. For CF / Elium™ samples,

the standard force decrease is around 43%. Short beam strengths, calculated from Equation 6, are
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presented in Figure 13. As the calculation depends on the standard force values and samples
dimensions, the same trend is observed. A quite significant loss in strength caused by water
ingression into the thick material, which strengthen the hypothesis that fibre/matrix interface is
largely dependent on the water content in the material. Those ILSS results should be taken with
precautions to quantitatively compare composite interlaminar shear strength between studied
composites. This prudence is raised by the relatively low results found in this study and the

absence of comparable results of Elium™ 188-O composites.
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Figure 12 : ILSS force-deformation curves of (a) unaged CF / VE specimens, (b) aged CF / VE
specimens, (c) unaged CF / Elium™ specimens and (d) aged CF / Elium™ specimens

In the literature, few authors were interested to ILSS of Elium™ based composites compared to

thermoset counterparts and a significant dispersion of their results is noted due to different test

method and standards used (ASTM D2344, ISO 14130, NF EN 6585, etc.). Test apparatus,

recommended specimen dimensions and test speed rate are different in each case. This dispersion
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of results can also be related to the use of different fabric (UD, woven, multiaxial NCF ...) and
fibre sizing types. Davies and Arhant noted that Elium™ 180 / triaxial carbon fibre 3.7 mm thick
ILSS specimen failed in compression [26]. Nash et al. reported a relatively high ILSS value for
quasi-UD glass fibre reinforced Elium™ 150 (around 57 MPa). After aging, a loss of nearly half

the reference value is found [11].
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Figure 13 : Short beam strength properties obtained by ILSS test for both aged and unaged CF /

Elium™ agnd CF / VE specimens
4. Conclusion

The aim of this study was to study the behaviour of a carbon fibre reinforced Elium™ acrylic
thermoplastic composite compared to a carbon fibre reinforced vinylester composite during
hydrothermal aging at 70 °C. In the one hand, for the vinylester neat resin, the observed diffusion
behaviour is Fickian and diffusion parameters are determined. On the other hand, the Elium™
resin behaves differently when immersed in deionised water at 70 °C. The water content increases
gradually without reaching saturation. This phenomenon could be related to the hydrolysis of the
side groups of the resin and thus relaxation caused by high aging temperature leading to the
increase of free volume in the bulk resin. Applying a numerical fitting, a dual Fickian model is
suggested regarding the relaxation and/or chemical degradation. In the case of CF / VE

composites, the behaviour appears to be Fickian until the onset of degradation caused by leaching,
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resulting in significant loss of weight. A numerical model is proposed to decompose this
competitive behaviour into absorption behaviour and another related to desorption. CF / Elium™
composites also exhibit pseudo-Fickian behaviour, where the absorption mechanism is retarded
by the relaxation of the polymer. The equilibrium reached at the end of aging makes it possible
to model the phenomenon while considering polymer relaxation. The use of the same Parallel
Dual Fickian model to VE and acrylic reinforced composites is justified by the need to compare
diffusion kinetics of both materials. Comparison of the first stage of applied model leads to
conclude on the similarity of the water uptake mechanisms. The onset of deviation from Fick’s
law is related to thermally activated degradations. Mechanical properties show good agreement
and similarities between both materials. For longitudinal tensile properties, not significant
changes are reported, due to the main action of carbon fibre. However, off-axis tensile properties
as well as interlaminar shear strength results present more dependency to the aged matrix
behaviour, resulting in important loss of properties, more specifically for CF/VE compared to
CF/Elium composite. Then, the changes in the microstructure are evaluated by SEM, where clear
fibre/matrix debonding was observed. Finally, the reversibility of aging effects on both resins and
composites shows that all samples undergo irreversible changes, more particularly for vinylester
reinforced composites which are related to chemical degradation during immersion in high
temperature water. A perspective of this work is to investigate the effect of other aging conditions
and environments on the substitution material response in order to produce a benchmark for later

industrial application.
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