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ABSTRACT

Fiber-reinforced infusible acrylic monomer resins are of interest as recyclable alternatives to epoxy and other thermoset resin

composites, but the novelty of these resins causes published studies on acrylic-matrix composites to often rely on multi-compatible

or other non-tailored fiber sizing agents. It has been suggested that improvements to the mechanical properties, water absorp-

tion, and fatigue behavior may be gained with a sizing agent tailored specifically to acrylic resins. In this study, glass-fiber/

acrylic composites, treated with either a multi-compatible sizing agent or an acrylic-tailored sizing agent, are compared. Their

retention of mechanical and fatigue properties after saturation with seawater, and the degree of interfacial relaxation during

repeated absorption—desorption cycles, are used to explore the role of the sizing in water absorption. These results, supported by

fractography, suggest that the tailored sizing agent did not significantly improve the water absorption behavior of the materials.

The fatigue performance of the composites with the different sizing agents was similar. The static mechanical properties which

are dominated by the fiber-matrix interface, such as transverse tensile and flexural strengths, showed that the multi-compatible

sizing agent performed better than the tailored acrylic sizing agent.

1 | Introduction

The use of fiber reinforced polymer composites (FRPs) in off-
shore renewable energy is expected to increase in the com-
ing years due to growth in the offshore wind and tidal energy
sectors. The most common polymer matrices used in such
composites are thermosets such as epoxy, but they are unable
to be re-shaped or recycled once they have been cured due to
their crosslinked structure and are typically disposed of in
landfill or via incineration [1]. Thermoplastics, in contrast,
liquefy upon heating and dissolve in solvents, so they can be
reused and recycled. Liquid acrylic monomeric resins (Elium)
from Arkema are currently the only commercially available,
infusible thermoplastic resins which polymerize at room tem-
perature and can therefore be considered a “drop-in” replace-
ment for epoxy resins. The promising mechanical properties
of these resins have already been demonstrated in the litera-
ture [2-7], and their applicability to large structures has been

demonstrated through the manufacture of 9 and 62m long
wind turbine blades [8, 9].

Commercially available components such as reinforcements and
adhesives are typically designed for compatibility with estab-
lished resin systems such as epoxy or polyester. This can pose a
challenge for novel resin systems such as liquid acrylic monomer
resins, as incompatibilities can cause reductions in structural
performance. An example of this is given by an acrylic-matrix
tidal turbine blade manufactured by Murray et al. [10], which
failed prematurely due to an incompatibility between the acrylic
resin and the adhesive and foam filler, which were designed to
be compatible with epoxy resins.

Similarly, reinforcement fibers are rarely treated with acrylic-
specific sizing agents—mixtures of a film former and a cou-
pling agent, among other components, which are applied to
the fiber surface for protection and to promote bonding with

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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Highlights
« Multi-compatible and acrylic-specific sizing agents
are compared in acrylic composites.

« Acrylic-specific sizing shows no consistent mechani-
cal or fatigue advantage.

« Both sizings exhibit similar interfacial degradation in
hydrothermal aging.

+ Readily available reinforcements are suitable for recy-
clable blade structures.

the matrix [11]. Instead, multi-compatible sizing agents are
often used, provided that they are compatible with polyester
or vinylester resins. These can have good compatibility with
acrylic resins [3], and Arkema itself recommends using a poly-
ester- or vinylester-compatible sizing agent rather than a spe-
cialized sizing [12]. It has been shown that a tailored sizing
agent improves the dry mechanical properties of a compos-
ite, and the retention of these properties upon saturation with
water, compared to an incompatible sizing agent [13, 14], but it
has been further speculated that a tailored sizing agent would
improve the mechanical and fatigue properties, as well as du-
rability in aqueous environments, over a multi-compatible siz-
ing agent [1, 7].

Yet contradictory information exists in the literature regard-
ing the necessity of these acrylic-tailored sizing agents. On the
one hand, some researchers suggest that acrylic-tailored siz-
ing agents improve interfacial strength, fatigue life, and water
absorption over multi-compatible sizing agents [1, 7, 14, 15],
but on the other hand, microbond testing has found no dif-
ference in performance [16]. In one study, the presence of a
multi-compatible sizing agent produced no improvement in
interfacial shear strength between the acrylic matrix and glass
fiber, compared to de-sized fibers [17]. These publications
have various complications in their comparisons, including
chemical incompatibilities with the multi-compatible sizing
agent [15, 17], comparing coupons with different layups [1, 7],
the use of acrylic latexes instead of Elium resin [14], and the
addition of paraffin wax to the resin [16]. Conclusions about
GF/acrylic composites are therefore difficult to draw from
these studies.

Other studies investigate the effect of the sizing agent on the
water absorption behavior of glass—fiber reinforced composites
with different matrices. Tsenoglou et al. [13] studied the quality
of an interfacial bond via repeated absorption-desorption cy-
cles in GF/polyester short beam shear coupons. The reinforce-
ment fibers were treated with one of: a silane coupling agent,
an incompatible polymer (PDMS) or no coating. The ILSS was
significantly affected by the fiber treatment, with the clean,
PDMS-coated and silane-treated coupons having strengths of
14.1, 7.34, and 29.6 MPa, respectively. The composite coupons,
along with neat resin coupons, were then immersed in distilled
water and their masses were monitored to allow their diffusion
coefficients to be calculated and compared. The silane surface
treatment resulted in both slower diffusion and a lower max-
imum water content than clean or PDMS-coated fibers. The

coupons were then dried for 30 h under vacuum, and the absorp-
tion-desorption cycle was repeated a further three times. By as-
suming that diffusion occurred via a free-volume mechanism,
Tsenoglou et al. [13] compared the degree of interfacial loosen-
ing between the fiber treatments. For clean and silane-treated
fibers, interfacial loosening increased with subsequent absorp-
tion-desorption cycles, although the silane treatment resulted
in a lowered interfacial free volume fraction. In PDMS-coated
fibers, interfacial loosening was not observed which was at-
tributed to swelling of the coating. This study not only shows the
importance of a silane coupling agent for interfacial strength,
but also how the compatibility of other components of the siz-
ing agent with the polymer may affect strength and absorption
behavior [11].

Thomason [18] conducted a study on the influence of fiber
sizing, resin and void content on the absorption behavior and
ILSS of GF/epoxy composites. The fiber surface coating was
found to have a much smaller effect on absorption behavior
than the void content and matrix resin type, although it did
affect the ILSS. It is suggested by the authors that this is due
to most of the tested reinforcements being sold as “epoxy-
compatible.” Indeed, the only reinforcement which performed
poorly in water absorption was the only one not marketed as
“epoxy-compatible.”

There therefore remains significant confusion in the litera-
ture regarding the role of specialized sizing agents in acrylic-
matrix composites, and further research is essential to better
understand if these specialized reinforcements provide any
benefits over their multi-compatible counterparts. The sizing
effects on the mechanical and fatigue properties of the com-
posite are of interest across a range of industries, but the effect
on interfacial relaxation, water absorption, and saturated me-
chanical properties will be of particular interest to the tidal
energy sector.

Previous work by the authors of this paper to characterize the
static [3] and fatigue [19] properties of dry and water-saturated
GF/acrylic with a multi-compatible sizing agent provides an
opportunity to create a comparison with an acrylic-tailored
glass fiber reinforcement [20]. The current work therefore ex-
plores the effect of sizing agent in GF/acrylic in three ways.
The effect of the sizing agent on water diffusion, interfacial
relaxation, water absorption-desorption behavior, and re-
sistance to absorption-induced damage is explored via the
method introduced by Tsenoglou et al. [13]. Repeated ab-
sorption-desorption cycles are applied to multi-compatible
and acrylic-specific GF/acrylic composites, as well as unrein-
forced acrylic resin, to compare the degree of interfacial loos-
ening between the sizing agents. The effects of the tailored
sizing agent on the quasi-static mechanical properties of dry
and saturated GF/acrylic composites are measured and com-
pared with previous results from coupons made with a multi-
compatible glass fiber [3]. Fractography is then used to analyze
the damage and failure mechanisms of the coupons. Finally,
the S-N curves of dry and saturated GF/acrylic coupons with
an acrylic-specific sizing agent are compared with available
data using a multi-compatible sizing agent [19] to understand
the effects of the sizing agent on fatigue behavior.
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TABLE1 | A comparison of the fabric and fiber properties of GF1-MCS and GF2-AS.
GF1-MCS GF2-AS
Fiber type E-glass E-glass
Nominal weight (g/m?) 646 1200
Fiber diameter (pum) 13 16
Tow size (TEX) 1200 2400
Nominal ply thickness (mm) 0.5 1

Sizing agent

Image

V

\

Multi-compatible

EAL ' S'mm
AN AN ==

Acrylic-specific

A

2 | Experimental

2.1 | Material Details

Two unidirectional glass fiber reinforcements treated with
different sizing agents were investigated. Although the exact
chemical makeup of these sizing agents is known solely by the
manufacturers, the first was treated with a multi-compatible
sizing agent, supplied by Ahlstrom-Munksjo and suitable for
use with unsaturated polyester, vinyl ester, and epoxy resins,
and will be referred to as GF1-MCS. This fabric was previ-
ously shown to have good compatibility with acrylic resin
[2, 3], most likely due to its compatibility with polyester and
vinyl ester which, like acrylic, undergo free radical polymer-
ization. The second fabric was treated with an acrylic-specific
sizing agent so will be referred to as GF2-AS. GF2-AS, along
with its specialized sizing agent, was developed and sup-
plied by Johns Manville. The reinforcements are compared
in Table 1, where it should be noted that the areal weight of
GF2-AS was approximately twice that of GF1-MCS, and that
GF2-AS has a 23% greater fiber diameter. The higher fiber
diameter and tow size of GF2-AS result in lower expected
costs—both of the fabric itself and in the manufacture of the
large composite parts, as fewer plies result in lower handling
costs—but also differences in mechanical properties as dis-
cussed in Section 3.3.

2.2 | Laminate Manufacture

Flat GF/acrylic laminates were manufactured via a standard
vacuum infusion method. Elium 188 O acrylic resin was
mixed in a 100:3 weight ratio with a benzoyl peroxide initia-
tor (BP-50-FT, United Initiators), infused into the reinforce-
ment and then allowed to polymerize at room temperature
for 24h before demolding. Test coupons were then cut using
a diamond-tipped wet saw to the dimensions specified by the
relevant ASTM standards. Both GF1-MCS and GF2-AS were
used to manufacture coupons for the measurement of water
diffusion, but only GF2-AS was used for mechanical testing
and fatigue coupons since GF1-MCS had been characterized
in previous studies [3, 19].

In addition, coupons of unreinforced acrylic polymer were man-
ufactured via casting of Elium 188 O resin. Resin was poured
into polypropylene molds to approximately the same thickness
as the reinforced water diffusion coupons. The mold was sealed
with vacuum bagging film, and the resin polymerized at room
temperature for 24h before cutting to 4mm X8 mmXx24mm
with a diamond-tipped wet saw.

2.3 | Fiber and Void Volume Fractions

Fiber (FVF), matrix, and void volume fractions were determined
using a burn-off method (ASTM D3171, Procedure G). Values
for the fiber, matrix, and composite densities were measured via
the displacement of water (ASTM D792).

2.4 | Water Immersion

All mechanical and fatigue tests were conducted on both dry
and aged coupons. Aging was conducted by immersing the
coupons in natural seawater, collected from the Firth of Forth,
Edinburgh, Scotland, at 50°C for 3 months to replicate the con-
ditions previously applied to GF1-MCS/acrylic [3, 19]. Aged me-
chanical test coupons were not subject to any drying stages and
were simply wiped to remove surface water before testing.

2.5 | Repeated Absorption-Desorption Cycles

Water diffusion coupons were cut to the suggested dimensions
for short beam strength coupons (4 mm X8 mm X 24 mm) ac-
cording to ASTM D2344. As noted by Tsenoglou et al. [13],
this is not the geometry recommended to determine the
through-thickness diffusion coefficient by ASTM standard
D5229/D5229M-20, which requires a width-to-thickness ratio
of w/h>100 to minimize edge effects. Instead, an overall “ef-
fective” diffusion coefficient was experimentally determined,
where water diffusion through the sides of the specimen
was allowed, as the differences in water absorption between
composites made with each reinforcement were the critical
interest.
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FIGURE1 | Anillustration of the three absorption-desorption cycles applied to the coupons.

All specimens were dried in an oven at 50°C for 24h and then
hydrothermally aged by immersion in seawater at 50°C. As the
coupons absorbed water, their increase in mass was periodi-
cally recorded using an analytical balance until saturation was
reached. The percentage weight gain or moisture content, M(t),
at a given time ¢ was calculated from Equation (1), where W, is
the mass of the specimen at time ¢ and W, is the mass of the
specimen when dry.

M(t) = Wi Wh) % 100 I
Wy

After saturation, all the coupons were dried in an oven under
vacuum at 50°C and their weight was again periodically mea-
sured until no mass change was observed and the coupons were
fully dried. Figure 1 shows the process of a single absorption
cycle, carried out until saturation is reached, and the subsequent
drying cycle. To understand the effects of repeated wet-dry cy-
cles, this process was repeated for a second and third absorp-
tion/drying cycle.

The effective diffusion coefficients were calculated for each ab-
sorption cycle from Equation (2) (adapted from ASTM D5229-20)
where M,, is the moisture equilibrium value, D, is the effective
diffusion coefficient, and h is the thickness of the specimen.

D.t 0.75
M(t)=Mm<1—exp[—7.3<h—ez> D @)

Equation (2) was fitted to the experimental data, and values for
D, and M were extracted from the fitted curve.

2.6 | Calculation of Relaxation of the Fiber-Matrix
Interface

Repeatedly cycling between wet and dry cycles is expected to
cause loosening or relaxation of the fiber-matrix interface—
that is, a detachment of the fiber-matrix bond resulting in an
increase in the interfacial free-volume fraction, f;. It is well es-
tablished in the literature that poor interfacial bonding, result-
ing in a large f;, increases the diffusion coefficient of water in a
composite. Enhancing the wetting and bonding between fiber
and the matrix, as well as resistance to interfacial relaxation,
helps mitigate this issue by restricting water or moisture diffu-
sion pathways, thereby reducing water wicking and subsequent
hydrothermal degradation in composite materials.

Tsenoglou et al. [13] present a method for quantifying f; using
the diffusion coefficient of water in the composite compared
to that in neat resin, with the assumption that diffusion occurs
through the free volume of the polymer and composite. The
method is explained in full by Tsenoglou et al. [13], however two
key equations are presented below. In Equation (3), the initial
interfacial free volume fraction fj, is defined as the ratio of the
initial void fraction V; to the fiber volume fraction Vg, where it
is assumed by Tsenoglou et al. [13] that the initial void content
is due to imperfect interfacial bonding. A more suitable sizing
agent is therefore assumed to reduce fi,.
Vi N Vi

1 1

=Vi+VFN7F ©®

Joo

In Equation (4), the interfacial free volume fraction during each
absorption cycle ( i) is calculated from the molecular free vol-
ume fraction of the polymer (fp), the fiber volume fraction (Vy),
and the composite and polymer diffusion coefficients (D, and
Dy, respectively).

fo 1

()

-(1-Vvg) @

In the present work, f;is calculated using Equation (4) after each
absorption cycle. The values of Vi, Dy, and D are determined ex-
perimentally, and the value for f, was taken to be the same as
that provided by Tsenoglou et al. [13] at f, = 0.08.

2.7 | Quasi-Static Mechanical Testing

Longitudinal and transverse tensile testing was performed in
accordance with ASTM D3039M-17 for both the dry and aged
specimens. Coupons of dimensions 250mm X 15mm X2 mm
for 0° fibers and 175mmX25mmX2mm for 90° fibers were
tested in tension until fracture using an Instron universal test-
ing machine (Instron 3369) equipped with a 50 kN load cell.
All samples were speckled with spray paint and strain was
measured using an Imetrum UVX video extensometry system.

The longitudinal and transverse flexural moduli and strengths
were experimentally determined via a 3-point flexural test as
per ASTM standard D7264M-21. A span-to-thickness ratio of
32:1 was used as per the standard's recommendations. This gave
specimen dimensions of 154mm X 13mm X4 mm and a span of

4
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128 mm. A 3-point bending fixture was attached to the Instron
testing machine and fitted with a 10kN load cell.

2.8 | Fatigue Testing

Coupons were tested in tension-tension fatigue using an Instron
8802 servohydraulic fatigue testing system equipped with
a 250kN load cell and grip pressure of 60bar, using a testing
frequency of 5Hz and an R-ratio of 0.1. Fatigue coupons were
tabbed with GF/epoxy PCB board bonded with cyanoacrylate
adhesive. Laminates were specifically manufactured for fatigue
testing, and so to ensure quality, separate UTS measurements
from the quasi-static testing were taken for the dry and aged
GF2-AS/acrylic using an average of three tensile tests. These
values were used when deciding the applied stress levels.

Given the expected differences between the mechanical proper-
ties of the fabrics, the stress levels (the maximum stress applied
during a load cycle) for GF2-AS/acrylic were set at 80%, 60%,
and 40% of the UTS of GF2-AS/acrylic, as well as 80%, 60%, and
40% of the UTS of GF1-MCS/acrylic, resulting in six stress lev-
els. A single additional test was performed at 30% of the UTS
of dry and aged GF2-AS/acrylic to investigate higher-cycle fa-
tigue and the existence of a fatigue limit. The applied stresses
are summarized in Table 2. Coupons were randomly assigned to
an aging condition and stress level after cutting.

To keep the aged coupons wet during testing, they were covered in
a wet cloth and wrapped in a plastic vacuum bagging (Figure 2).

The Basquin relation (Equation 5) relates stress (S) to the
number of cycles to failure (V) with two coefficients, A and

TABLE 2 | The stress levels used to test dry and aged GF2-AS/
acrylic coupons.

Dry Aged

Stress (MPa) %UTS Stress (MPa) %UTS
642 90 520 90
568 80 462 80
481 68 428 74
426 60 347 60
321 45 286 49
284 40 231 40
213 30 173 30

. End tab

b. The Basquin relation may alternatively be expressed as
Equation (6) in which a = 104, Although S may be defined in
several ways, in the present work it refers to the maximum
stress applied in a load cycle. This relationship applies to the
portion of the S-N curve in which progressive damage occurs,
and only above the fatigue limit of the material (Figure 3)
[21, 22], hence Equation (5) was fitted to experimental data for
S <80% of UTS using linear regression.

log)oN =log,pA + b - log,S ®

N=a-s ©)

2.9 | Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to assess the
tensile failure and void contents of the composite laminates.
Fragments of fractured dry and aged 0° tensile specimens
were inspected, followed by cross-sectional imaging of both
GF1-MCS/acrylic and GF2-AS/acrylic. The cross sections
were cast in epoxy and polished. The samples were coated
with 40nm of gold to enhance the surface conductivity. A
15kV JEOL JSM-IT100 series SEM instrument was used for
image acquisition.

3 | Results and Discussion

3.1 | Fiber and Void Volume Fractions

The average fiber and void volume fractions are presented in
Table 3.

Static region

Progressive damage
(Basquin relation
applies)

Fatigue limit

\ 4

N

FIGURE 3 | The structure of an S-N curve, adapted from Talreja
[21]. Equation (5) was fit to the data in the region of progressive damage.

Plastic film

FIGURE2 | Aged coupons were kept wet during testing by covering with a saturated cloth and plastic wrap.
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3.2 | Sizing Agent Effects on Water Absorption
3.2.1 | Absorption-Desorption Cycles

The diffusion curves, fitted according to Equation (2), for all
three absorption cycles of the neat resin and both composites are
presented in Figure 4. The resulting values for the diffusion co-
efficient and maximum water uptake are given in Table 4. There
is a general trend of increasing diffusion coefficient and water
uptake with subsequent absorption cycles. The diffusion coeffi-
cient of the neat resin was higher than that of the composites
in the first absorption cycle, but during subsequent cycles the
diffusion coefficients of the composites exceeded the neat resin.
The value of M, in the neat resin remained higher than that of
the composites, reaching 1.51% during the third absorption cycle

TABLE 3 | Average fiber and void volume fractions of the
manufactured laminates, + one standard deviation. The values for GF1-
MCS/acrylic fatigue coupons are from [19].

versus 0.42% in GF1-MCS/acrylic and 0.83% in GF2-AS/acrylic.
The majority of absorbed water therefore resides in the matrix,
in contrast with Tsenoglou et al. [13] but in agreement with the
work by Davies et al. comparing GF/acrylic composites with un-
reinforced acrylic [1]. During subsequent cycles, the loosened
interface in the composites (discussed in Section 3.2.3) creates
a wicking effect and increases the diffusion coefficient [23, 24].

3.2.2 | The Effects of Voids

The higher initial diffusion coefficient and maximum water
content observed in GF2-AS/acrylic compared to GF1-MCS/
acrylic may be explained by a higher void content in the former.
Matrix burn-off tests gave 0.22% and 1.37% void contents for
the GF1-MCS and GF2-AS laminates respectively (Table 3), and
SEM was also used to validate the void content results. Figure 5
shows cross-sectional SEM images of the GF1-MCS and GF2-AS
composites, which were cast in epoxy and polished.

Nominal Figure 5a,b shows no visible voids in the GF1-MCS compos-
thickness Void volume ite. Multiple cross-sections were studied from various locations
Laminate (mm) FVF (%) fraction (%) throughout the laminate, and no voids were found. In contrast,
Tensile (GF2-AS) N 482410 0424028 Figure 5c,d ShOWS man.y intra and. 1nter—.tow voids within the
GF2-AS composite laminate, agreeing with the results of the
Flexural and SBS 4 54.7+0.3 1.31+£0.08 burn-off test.
(GF2-AS)
Fatigue (GF2-AS) 2 499+1.3 2.440.3 A greater number of voids in the composite results in more vol-
) ume for the water to occupy and use as ingress routes into the
Fatigue (GF1-MCS) L5 53.5£0.8 19+04 center of the material. This explains the higher maximum water
Diffusion (GF1-MCS) 4 52.9+0.3 0.22+0.16 uptake and diffusion values seen by GF2-AS/acrylic during the
Diffusion (GF2-AS 4 13400 1374026 first cycle. Differences in the fabric properties shown in Table 1,
iffusion (GF2-AS) i B such as the tow size, fiber diameter, and aerial weight, could affect
1.6
8 --O---0-—-0--@
14 0-®
° A
e 12
S 1
g 08
S
O
2 0.6
2 D
ks
0.4
= R G
0.2
0
0 500 1000 1500 2000

Immersion Time (\/ s)

A Cycle 1 Neat Acrylic
D Cycle 1 GF2-AS/Acrylic
G Cycle 1 GF1-MCS/Acrylic

Cycle 2 Neat Acrylic
Cycle 2 GF2-AS/Acrylic

Cycle 2 GF1-MCS/Acrylic

Cycle 3 Neat Acrylic
Cycle 3 GF2-AS/Acrylic

Cycle 3 GF1-MCS/Acrylic

FIGURE4 | Thefitted diffusion curves (using Equation 2) plotted against the square root of time. All three absorption cycles of neat acrylic resin

(blue, A-C), GF2-AS/acrylic (orange, D-F) and GF1-MCS/acrylic (green, G-I) are presented. For clarity, only the experimental data from the third

neat acrylic cycle (C) has been included as blue circles. All experimental data is available in Figure S1.
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TABLE 4 | Effective diffusion coefficients for materials tested under 3 immersion cycles at 50°C.

Cycle GF1-MCS/acrylic

GF2-AS/acrylic

Unreinforced acrylic

Diffusion coefficient, D, (x10712 m? s%) Cycle 1 1.77 2.69 5.54
Cycle 2 8.25 8.09 7.84
Cycle 3 8.65 8.52 7.00
Equilibrium water content, M,, Cycle 1 0.32% 0.57% 1.26%
Cycle 2 0.30% 0.76% 1.22%
Cycle 3 0.42% 0.83% 1.51%
GF1-MCSs GF2-AS

FIGURE 5 | Representative cross-sectional SEM images of acrylic-matrix composites reinforced with: (a) GF1-MCS %25, (b) GF1-MCS X250, (c)
GF2-AS %25, (d) GF2-AS x250. Coupons of the same thickness (for water diffusion measurement) are shown. Inter- and intra-tow voids are present

in GF2-AS/acrylic composites, but void content is low in GF1-MCS.

fiber-wetting [25, 26]. GF1-MCS has a tow size of 1200 TEX and a
GF diameter of 13um compared to GF2-AS, which has a tow size
of 2400 TEX and fiber diameter of 16 um. The larger diameter and
tow size mean there are fewer resin flow channels within the fiber
tows in the fabric, increasing the likelihood of voids.

3.2.3 | Damage Mechanisms

The increasing diffusion coefficients and final water contents of
the cast acrylic and both composites show that all three materi-
als sustained permanent damage during the absorption/drying
cycles. In the matrix, this damage may be physical or chemical
degradation. Physical degradation occurs due to matrix swelling
during absorption and shrinkage during desorption, creating

stress concentrations and cracking [27], allowing for easier
water penetration for the second absorption cycle. Chemical
damage is also possible in acrylic matrices via hydrolysis of the
ester side groups [28, 29]. The masses of the cast acrylic coupons
and composites were measured during the drying stage, and the
average change in weight of the neat resin during the second
drying cycle is plotted in Figure 6. After the drying cycle, there
was a slight mass decrease of 0.19% which may indicate leaching
of unreacted monomer or degradation products from the poly-
mer [28]. Similar decreases of 0.14% and 0.10% after the second
drying cycle were measured for GF1-MCS/acrylic and GF2-AS/
acrylic, respectively.

Physical damage to the composites via relaxation of the fiber-
matrix interface is evaluated by calculating the interfacial free
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FIGURE 6 | The moisture content of the neat resin coupons vs. the
number of hours they were subject to drying conditions during the sec-
ond drying cycle. A small loss in mass (0.19%) is observed.
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FIGURE 7 | The calculated interfacial free volume fractions of the
composites during each absorption cycle. Logarithmic curves of the
form f; = ¢ - In(Cycle) + d are fit to the data for (i) GF1-MCS/acrylic and
(ii) GF2-AS/acrylic.

volume fraction during each absorption cycle from Equations (3)
and (4). Calculating f;, according to Equation (3), using values
from Table 3 for fiber and void contents, gives values of 0.41%
and 2.68% for the GF1-MCS and GF2-AS laminates, respectively.
From Figure 5, although a portion of the initial void content of
GF2-AS (Figure 5c,d) presents as interfacial looseness, the ma-
jority appears to be inter-tow voids. It is therefore evident that
the assumption of initial void content being equal to f;, does not
apply to the present work. Equation (3) therefore overestimates
fio for GF2-AS, and so the values cannot be compared between
the two materials.

The interfacial free volume fractions of the GF1-MCS and
GF2-AS composites for each immersion cycle are calculated via
Equation (4). Values for D, and D, were taken from Table 4, and
the free volume fraction in the polymer was taken to be f, = 0.08
[13]. The results have been presented in Figure 7, where the in-
terfacial free volume fractions of the materials have been com-
pared across absorption cycles. The increases in f; observed
in both composites can be attributed to the degradation of the

fiber matrix interface under cyclic immersion, with the first
cycle causing the greatest damage. The values of f; converged in
subsequent cycles as interfacial damage progressed, suggesting
similar degrees of interfacial damage between the sizing agents.
These increases are found to be logarithmic, and curves of the
form f; =c-In(Cycle) + d are fitted in Figure 7, where c¢ and
d are constants, and Cycle refers to the absorption cycle num-
ber. The values for ¢ were 0.015 and 0.010, and the values of d
were 0.068 and 0.072 for GF1-MCS/acrylic and GF2-AS/acrylic,
respectively. This agrees with Tsenoglou et al. [13], where a
logarithmic increase in f; with immersion cycle number was re-
corded for a GF/polyester composite containing a silane-based
sizing agent.

3.3 | Effects of Water Absorption on Quasi-Static
Mechanical Properties

3.3.1 | Property Retention

The mechanical properties of GF2-AS/acrylic composites are
presented in Table 5 and compared with the results for GF1-
MCS/acrylic from [3]. In the dry specimens, GF2-AS/acrylic has
a higher modulus but a lower strength than GF1-MCS/acrylic in
each test, both fiber- and matrix-dominated.

Comparing the absolute values, however, is complicated by the
differences in fiber sizing, fiber diameter, and tow size. While
large tow size and large diameter fabrics are generally lower
in cost, a smaller fiber diameter is linked to an increased fiber
strength, which has been attributed to a lower probability of
flaws causing premature failure [30, 31] or differences in the
manufacturing (drawing speed, melt temperature, and chem-
ical composition) of the fibers [31, 32]. The fiber modulus is
less strongly affected by the diameter, with theoretical modu-
lus values matching measured values much more closely than
for strength [33-35]. In addition, a lower fiber diameter in-
creases the surface area available to interact with the matrix.
Since GF2-AS has a larger fiber diameter, this could explain the
lower strengths but higher moduli of GF2-AS/acrylic in fiber-
dominated tests, but not in the matrix-dominated tests.

All else being equal, a larger tow size results in a greater void
content, as discussed in Section 3.2.2, and so diffusion of water
was faster in GF2-AS/acrylic. When comparing the mechanical
tests, however, the GF1-MCS/acrylic coupons were manufac-
tured as part of a different study and therefore have a higher void
content than GF2-AS/acrylic—at approximately 2%-—despite
the latter's larger tow diameter. The lower strengths of GF2-AS/
acrylic are therefore not attributed to differences in void content.

Given these differences between the fabrics, comparisons be-
tween the percentage retention of mechanical properties are
more useful. In general, there is no clear improvement in prop-
erty retention after water aging by using GF2-AS, as shown in
Table 5. The drops in transverse properties (90°) give an indica-
tion of the strength of the fiber/matrix interface. The 90° ten-
sile strength of GF1-MCS/acrylic drops by only 4% after water
aging compared to an 18% drop in the GF2-AS/acrylic material.
Though the 90° flexure strength drops are reversed (—19% for
GF2-AS/acrylic vs. —23% for GF1-MCS/acrylic), still GF1-MCS/
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acrylic has significantly higher 90° flexure strength than
GF2-AS/acrylic before and after water aging. This indicates that
the multi-compatible sizing performs better than the tailored
sizing agent. The property which shows the largest difference
in retention with GF2-AS is the short beam strength, although
it should be noted that the dry short beam strength of GF2-AS/
acrylic is 19% lower than that of GF1-MCS/acrylic to begin
with. After aging, both reinforcements have similar short beam
strengths at 39.5 MPa versus 39.0 MPa for GF1-MCS/acrylic and
GF2-AS/acrylic, respectively. Short beam strength has a strong
reliance on the interface, which may indicate a lower dry inter-
facial strength in GF2-AS/acrylic.

3.3.2 | Fractography

SEM images of both dry and aged 0° tensile fracture surfaces
(using GF2-AS fabric) are presented in Figure 8. As was found
in [3], the dry fibers remain bonded to the matrix, which indi-
cates strong interfacial bonding. Shear cusps are present due to a

longitudinal splitting failure mode. In the aged specimens, how-
ever, the fibers are bare, indicating deterioration of the interfacial
bonding. In our previous work using GF1-MCS [3], this deterio-
ration was attributed to hydrolysis of the multi-compatible siz-
ing's agent's silane coupling agent, and from Figure 8 it appears
that the same degradation mechanism occurs with the tailored
sizing agent of GF2-AS.

3.4 | Effects of Water Absorption on Fatigue
3.4.1 | S-N Curves

S—-N curves comparing dry and aged GF2-AS/acrylic specimens
are presented in Figure 9, and comparisons between GF2-AS/
acrylic and GF1-MCS/acrylic (from [19]) are presented in
Figure 10. The values for A and b (Equation 5) from the fitted
curves are available in Table 6. All experimental data are pro-
vided as points in each graph, and the fitted curve is provided
as a solid line between 40% and 80% of the UTS. The UTS of the

TABLE 5 | A comparison between the mechanical properties of GF2-AS/acrylic with previously published results of GF1-MCS/acrylic [3].

GF2-AS/acrylic

GF1-MCS/acrylic [3]

Test Property Dry Aged % Change Dry Aged % Change

0° tension Modulus (GPa) 35.3+3.0 33.4+3.2 -5 33.2+2.2 34.5+2.8 +4
Strength (MPa) 683 +62 54125 =21 750+ 61 667+ 64 -11

90° tension Modulus (GPa) 10.5+0.7 6.9+1.0 -34 9.3+0.7 8.4+04 -10
Strength (MPa) 371+2.2 30.4+1.6 -18 371x+1.5 35.8+4.5 -4

0° flexure Modulus (GPa) 36.1+3.6 36.3+3.7 0 31.6+1.6 31.3+0.8 -1
Strength (MPa) 789+80 706+ 34 -10 81040 678 +53 -16

90° flexure Modulus (GPa) 10.6+0.7 8.4+0.7 =21 9.7+0.6 8.0£0.5 =17
Strength (MPa) 68.3+£5.2 55.3+4.1 -19 96.5+8.7 74.4+7.3 =23

Short beam strength Strength (MPa) 46.6+£1.6 39.0+1.6 -16 57.3+0.8 39.4+2.3 =31

Note: The dry properties and change due to water absorption are presented for both composites. Note that the 0° properties have been normalized to 50% FVF for both

reinforcements.

0° Tensile Dry

0° Tensile Aged

SED 15.0VWO21rmPCSO H
EOL Tosts

SED 15.0kV WO21mmP.C.50
EOL Tosts

FIGURE 8 | SEM images of the fracture surfaces of (a) dry and (b) aged 0° tensile coupons. Crack propagation through the matrix in (a), instead

of along the fiber-matrix interface, indicates strong interfacial bonding. The bare fibers in the aged coupon in (b) suggest that the fiber-matrix in-

terface is weakened.
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dry and aged GF2-AS/acrylic coupons for fatigue testing were
710 and 578 MPa, respectively. The 95% confidence intervals of
the mean curve are shown as dashed lines.

In Figure 9, water absorption is shown to cause consistent de-
creases in fatigue life for both GF1-MCS/acrylic and GF2-AS/
acrylic. The damage mechanisms discussed in Section 3.2.3 are
therefore significant in both low- and high-cycle fatigue.

In contrast, while GF1-MCS/acrylic can be seen to outperform
GF2-AS/acrylic in low cycle fatigue in both the dry and aged
condition (Figure 10a,b, respectively), the S-N curves for both
materials converge at a higher number of cycles due to a steeper
slope in the GF1-MCS/acrylic curves. Similar convergence was
observed by Davies et al. [7, 36] in dry and aged acrylic-matrix
composites, and by Shah et al. [37] in dry composites with differ-
ent flax reinforcements.

The differences in low-cycle fatigue are to be expected due to
the higher UTS of GF1-MCS/acrylic, as this region is dominated
by fiber fracture and the static properties of the composites
[21, 38, 39]. The reasons for the convergence as stress is re-
duced are less clear, and there are several possible contributing

factors. As the stress is reduced and the composite approaches
high-cycle behavior, the contribution of static modes of failure
reduces and failure is dominated by the matrix and fiber-matrix
interface. This is plausible considering that the increased UTS in
GF1-MCS/acrylic was attributed to smaller diameter fibers, and
their contribution to fatigue life would lessen in high-cycle fa-
tigue. Given that the same matrix was used in both composites,
this would indicate that the fatigue performance of each fiber
sizing is similar.

Differences in FVF may also contribute, as FVF values greater
than approximately 40% have been linked to a decrease in the
fatigue exponent b, and therefore a steeper slope [37, 40, 41]. This
has been attributed to an increased likelihood of fiber-fiber
contacts, greater shear stresses at the fiber-matrix interface due
to closer fiber packing, and an increase in interfacial area in-
creasing the likelihood of interfacial cracks developing [37, 40].
For a given FVF, a smaller fiber diameter also results in a larger
number of fibers and a higher interfacial area—23% higher in
GF1-MCS vs. GF2-AS given that the surface area to volume
ratio (SA:V) of a long fiber with radius r is given by SA: V' =2/r.
This would increase the probability of fiber-fiber contacts, and
result in a greater surface to volume ratio; a combination which

GF2-AS Dry
(ii)=——GF2-AS Aged

100

1E+0 1E+1 1E+2 1E+3

1E+4 1E+5 1E+6 1E+7

N

1000
F

1 ®

S (MPa)

(i) =GF1-MCS Aged
(i GF1-MCS Dry

100

1E+0 1E+1 1E+2

1E+3

1E+4 1E+5 1E+6 1E+7

N

FIGURE 9 | The effect of water absorption on the S-N curves of GF1-MCS/acrylic [19] and GF2-AS/acrylic. The solid lines are the Basquin re-
lation fit to the experimental data for <80% of the UTS, and the dashed lines represent the 95% confidence intervals of the mean curve. The mean
static UTS at N=1 are included as larger data markers. (a) A comparison of the S-N curves for dry (light blue circles) and aged (dark blue triangles)
GF2-AS/acrylic. (b) The same comparison for dry and aged GF1-MCS/acrylic.
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FIGURE10 | Comparisonsbetween the S-N curves of GF1-MCS/acrylic (from [19]) and GF2-AS/acrylic for (a) dry and (b) saturated coupons. The

solid lines are the Basquin relation fit to the experimental data for <80% of the UTS, and the dashed lines represent the 95% confidence intervals of

the mean curve. The mean static UTS at N=1 is included as larger data markers.

TABLE 6 | Basquin coefficients fit to the fatigue data of each material where log;,N = log,,A + b - log,,S.

Reinforcement Condition A b

GF1-MCS [19] Dry 18.8 [16.8, 20.8] —5.74 [-6.50, —4.98]
GF1-MCS [19] Aged 18.9 [15.1, 22.7] —5.96 [-7.43, —4.49]
GF2-AS Dry 20.9 [18.0, 23.9] —6.58 [-7.72, —5.44]
GF2-AS Aged 21.5[18.4, 24.6) —7.02 [-8.26, —5.79]

Note: Data for GF1-MCS/acrylic is taken from [19] and used to fit the Basquin model, rather than the linear combination of exponential functions in the original
publication. The 95% confidence intervals on the coefficients are provided in square brackets.

may result in a sharper decline in the GF1-MCS/acrylic S-N
curve, similar to the effects observed with a higher FVF.

3.4.2 | Low- and High-Cycle Fatigue

The datapoints outside of the fitted curves (outside the 30%-
80% of UTS range) also provide useful information. As seen in
Figures 9a(i) and 10a(i), in low-cycle fatigue above ~80% of the
UTS, the slopes of the S-N curves begin to decrease. As discussed
by Talreja [21, 38, 39], this points to non-progressive fiber breakage
being the dominant failure mechanism in this region. Additionally,

although only a single datapoint at 30% of UTS was recorded for
the dry and aged GF2-AS/acrylic, these datapoints are useful to
explore the possibility of a fatigue limit. The data show that, if a
fatigue limit exists, it must be lower than 30% of the UTS [41, 42].

3.4.3 | Practical Implications for Material Selection

The fatigue results, in combination with the water absorp-
tion behavior and mechanical properties in Sections 3.2 and
3.3, respectively, serve two practical purposes. They allow the
performance of GF/acrylic to be benchmarked against more
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FIGURE 11 | S-N curves of various 0° UD E-glass composites
tested in tension-tension fatigue (R=0.1), with curves of the form of
Equation (5) fitted to the data. Curve (a) is dry GF1-MCS/acrylic using
data from [19], curve (b) is dry GF2-AS/acrylic from the current study,
curve (c) is GF/acrylic from Cousins et al. [22], and curves (d)-(h) are
select GF/epoxy data from the SNL/MSU/DOE database [43]. Other
stitched UD GF/epoxy S-N curves from the database are approximately
bounded by the region shaded in yellow.

TABLE 7 | Details of the UDO GF/epoxy composites from the SNL/
MSU/DOE database [43] which are included as curves in Figure 11.

Curve Material name in database
@ UNI-PPG1250-EP5
©] UNI-PPG1200-EP1
) UNI-OCV1000-EP1
) UNI-PPG1250-EP1
(h) UNI-PPG1250-EP9

Note: The curves refer to those in Figure 11, and the other details are taken from
the database. The naming convention is Reinforcement Type-Fabric-Matrix, for
example, UNI-PPG1250-EP5 is a unidirectional fabric L1200/G50-E07, supplied
by PPG Fiber Glass, using epoxy resin EP5. For further details the reader is
directed to the database [43].

established alternatives such as GF/epoxy, and they provide in-
sight into the performance of specialized sizing agents.

The fatigue behavior of dry GF1-MCS/acrylic and GF2-AS/
acrylic is benchmarked against standard GF/epoxy compos-
ites which are used in wind turbine blades in Figure 11, as
well as data from GF/acrylic from Cousins et al. [22]. The data
is extracted from the SNL/MSU/DOE Composite Material
Fatigue Database [43], and S-N curves are fitted according to
Equation (5). Only a few key GF/epoxy S—N curves are explic-
itly included and detailed in Table 7, but the approximate range
of all comparable data for recently tested GF/epoxy (i.e., rein-
forced with unidirectional stitched 0° E-glass fabric) is shaded
in yellow. The performance of the dry GF1-MCS/acrylic and
GF2-AS/acrylic materials is comparable with the lower range

of GF/epoxy composites in high-cycle fatigue, suggesting they
meet the standards required in the wind energy industry.

Curve (¢) in Figure 11 is GF/acrylic from Cousins et al. [22],
which was reinforced with Johns Manville StarRov 086 (1200
TEX, 16um fiber diameter) with a multi-compatible sizing
agent. Comparing this material with GF2-AS/acrylic (Johns
Manville, 2400 TEX, 16 um fiber diameter, acrylic-tailored) in
Figure 11, curve (b), suggests that a tailored sizing agent does
not necessarily result in a superior fatigue response. The supe-
rior performance in Cousins et al. [22] compared to GF2-AS/
acrylic may be due to a lower void content, which X-ray CT scans
suggest is 1.4% versus the 2.4% measured in the current study
for GF2-AS/acrylic (Table 3). The fatigue data also highlights
that a high UTS and good low-cycle performance does not nec-
essarily imply superior performance in high-cycle fatigue; for
example, comparing Figure 11 curves (d) and (e), the former has
poorer performance at 10*cycles but improved performance at
10°cycles.

The relative performance of GF1-MCS and GF2-AS is also
of interest, as this will indicate whether there is a need to de-
velop specialized reinforcements for use with acrylic resin. In
Section 3.4.1, the superior fatigue performance of GF1-MCS/
acrylic in low-cycle fatigue and the subsequent convergence
with the S-N curve of GF2-AS/acrylic in high-cycle fatigue were
discussed. The improved low-cycle fatigue performance was
attributed to a smaller fiber diameter and higher FVF in GF1-
MCS/acrylic, leading to an increase in UTS. It is also possible,
however, that a higher FVF and lower fiber diameter result in
poorer fatigue performance. If this is the case, there is a balance
to be struck between static and fatigue performance, although
since tidal turbine blades are usually designed to maximize stiff-
ness [10], a high FVF is a likely target for manufacturers.

It was also discussed as a possibility in Section 3.4.1 that sim-
ilar matrix and fiber-matrix interface strengths, as well as a
decreasing contribution of UTS to fatigue life at lower stress
levels, led to a natural convergence of the GF1-MCS/acrylic and
GF2-AS/acrylic S-N curves. This would offer a twofold advan-
tage for manufacturers.

Firstly, unless the UTS and high-cycle fatigue performance are
of interest for the specific application, the similar performance
of lower-cost fabrics with larger fiber and tow diameters com-
pared with more expensive fabric in high cycle fatigue gives a
route to cost reduction. In tidal turbine blades, for example, the
requirement to design for stiffness results in low fatigue loads,
in which GF1-MCS/acrylic and GF2-AS/acrylic had similar per-
formance. A caveat is the possibility that larger tow sizes result
in a higher void content (Section 3.1), which may increase the
rate of water absorption and property degradation.

Secondly, convergence of the S—-N curves due to similar perfor-
mance of the sizing agents in both the dry and aged conditions
suggests that manufacturers may not need to procure niche re-
inforcements with specialized sizing agents. This is reflected in
the lack of consistent improvements in dry or aged mechanical
properties, and the similarities in water absorption behavior
and damage due to the different sizing agents. It would also be
consistent with the excellent mechanical properties that can be
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obtained with multi-compatible sized reinforcements [2, 3, 44],
as well as the recommendations from the manufacturer of
Elium acrylic monomer resins to use widely available polyester-
or vinylester-compatible sizing agents [12].

Similar findings regarding the effects of the sizing agent on
water absorption are available in the literature; for example,
studies comparing incompatible and tailored sizing agents show
a significant difference in water absorption behavior [13, 45], but
comparisons between the performance of multiple sizing agents
which are compatible with the matrix—as is the case with GF1-
MCS and GF2-AS—do not show such differences [18].

One component of the acrylic-specific sizing agent which has
been tailored for acrylic resin is the silane coupling agent. This
is achieved by selecting a reactive organic group for compatibil-
ity with the free radical polymerization of methacrylate mono-
mers. The bare fibers in Figure 8 suggest that the bond between
the matrix and fibers has been weakened, regardless of tailoring
for acrylic resin, which can be attributed to the hydrolysis of the
silane coupling agent. This mechanism of interfacial degrada-
tion has been extensively studied in the literature [46-48]. If
silane coupling agent degradation occurs at the bond with the
glass, then a tailored reactive organic group may not necessarily
improve resistance to hydrothermal degradation over a multi-
compatible sizing agent.

The other components of the sizing agent, such as the film for-
mer, also play important roles in the interfacial bond strength
and water absorption, as the compatibility and reactivity of fiber
coatings with the matrix have been shown to affect both strength
and water absorption [13, 45], and it therefore remains an im-
portant area of research, particularly with the emergence of new
matrix systems. Sizing agent formulations are complex and kept
as trade secrets by the manufacturers, so it is difficult to come to
a generalized conclusion about the role of sizing agents during
water absorption. From the perspective of a manufacturer, a
tailored sizing guarantees compatibility with the acrylic resin,
in contrast with the chemical incompatibility which is possible
with multi-compatible sizing agents [15, 17]. The present work
suggests, however, that the fact that a sizing is “specialized” or
“tailored” does not guarantee superior mechanical properties,
water absorption behavior, or fatigue properties.

4 | Conclusions

Significant confusion exists in the literature concerning the ef-
fects of specialized sizing agents in glass fiber reinforced acrylic
composites. In this study, water absorption behavior and damage
mechanisms in glass fiber reinforced acrylic composites, with
a multi-compatible (GF1-MCS/acrylic) and an acrylic-specific
(GF2-AS/acrylic) fiber sizing, were compared. Additionally,
the mechanical properties and fatigue performance of dry and
water-saturated GF1-MCS/acrylic and GF2-AS/acrylic were
characterized.

Water diffusion was initially driven by the matrix and void
contents, but after repeated absorption-desorption cycles,
rapid water absorption was caused by interfacial degrada-
tion and relaxation. Water absorption data and fractography

suggest this degradation was not prevented by the tailored
sizing. Degradation in mechanical properties due to water ab-
sorption was therefore observed in both GF1-MCS/acrylic and
GF2-AS/acrylic, and no consistent improvements were caused
by the specialized sizing agent. Differences between the materi-
als' quasi-static mechanical properties are likely due mainly to
different fiber properties and fabric architectures.

Similarly, water absorption caused decreased fatigue life across
a range of stresses in both GF1-MCS/acrylic and GF2-AS/
acrylic. GF1-MCS/acrylic outperformed GF2-AS/acrylic in low-
cycle fatigue in the dry and aged condition, but the S-N curves
converged in high-cycle fatigue. This would again suggest simi-
lar performance of the sizing agents.

There were therefore no consistent improvements to water absorp-
tion, interfacial relaxation, mechanical, or fatigue performance
due to the acrylic-specific sizing agent. The larger fiber and tow
diameters of the GF2-AS mean that it is likely to be more cost-
effective for large structures, and the overall similarity between
the behavior of GF1-MCS/acrylic and GF2-AS/acrylic, along with
comparisons with literature, suggests that the acrylic-tailored siz-
ing agent did not enhance performance. The performance of both
dry GF/acrylic composites was comparable to standard GF/epoxies
used in wind turbine blades, according to literature comparisons,
and large diameter fabrics with readily available multi-compatible
sizing agents may therefore be a cost-effective option for manufac-
turers of acrylic-matrix composites.
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