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A B S T R A C T

Turbine blades form the main component for energy generation in renewable energy generation technologies
such as wind and tidal energy. Non‐crimp fabric (NCF) based fibre reinforced composite materials, with E‐glass
and carbon fibres have been widely used as the main materials for blades. However, sustainable composites
using naturally derived fibres such as basalt, are being developed to reduce environmental impact. Basalt fibres
require no chemical additives, solvents or hazardous materials for production and are recyclable. However, lit-
tle information is available in the literature on the moisture ageing effects on failure modes of NCF based basalt
fibre reinforced epoxy composites. Ageing is particularly important for applications in coastal wind and tidal
turbine installations, which are exposed to high humidity. The current study analyses the effect of moisture
ageing on flexural, interlaminar shear and in‐plane shear properties and associated failure modes of NCF based
basalt fibre reinforced epoxy composite at different stress levels. The results showed no significant impact on
flexural stiffness of the composite, but in‐plane shear stiffness and strength (flexural, interlaminar shear and in‐
plane shear) of the composite demonstrated a significant reduction following moisture absorption. Similar fail-
ure modes were observed in both dry and wet conditions.
1. Introduction

Tidal and wind energy are among the most promising renewable
energy resources, with offshore energy resources producing approxi-
mately 330,000 TWh of electricity annually [1,2]. In recent years,
there has been an increasing trend towards the development of large
offshore wind installations which operate more consistently than
onshore wind resources [3]. Offshore wind and tidal energy resources
are both exposed to severe operating conditions such as high humidity
and aggressive marine environments. For both tidal and offshore wind
energy resources, turbine blades form the most important part for
energy generation. Wind and tidal turbine rotor blades must therefore
be designed utilising materials that have good resistance to moisture.

Non‐crimp fabric (NCF) based glass and carbon fibre reinforced
composites are most commonly used for manufacturing turbine blades
[4]. Much attention is being directed towards the development of nat-
ural fibre based composites [5,6]. Basalt fibres, which are mineral
fibres [6], demonstrate good mechanical stability at elevated temper-
atures, good resistance to moisture absorption, good heat and insula-
tion properties, are non‐toxic, non‐combustible, explosion‐proof as
well as environment‐friendly and recyclable [5,7‐10]. The manufactur-
ing process for basalt fibre is very similar to that of E‐glass but requires
no additives and consumes less energy [6,7]. Basalt fibres are com-
monly used in conjunction with epoxy resin [11] but, with appropriate
sizing, are also compatible with resin systems such as phenolic, polye-
ster and vinylester [7].The mechanical performance of basalt fibres is
comparable to E‐glass, though with a somewhat lower strain to failure
(3.15% for basalt and 4.7% for E‐glass [12]) and relatively higher den-
sity compared to E‐glass (2.8 g/cm3 for basalt and 2.6 g/cm3 for E‐
glass) [6,12]. Therefore, basalt fibre based composites provide advan-
tages in terms of environmental impact compared to E‐glass or carbon
fibres, while maintaining a competitive cost to quality ratio [6,7].

Moisture ageing imparts morphological changes in fibre reinforced
polymer composites in various ways. Firstly, matrix swelling can
induce internal stresses leading to micro‐crack formation, which in
turn can provide diffusion paths thus altering the moisture absorption
and diffusion characteristics of the composite. Secondly, plasticization
of the matrix can lead to an increase in strain‐to‐failure of the compos-
ite and reduction in glass transition temperature (Tg) (for example,
moisture absorption of approx. 2% can lead to a 20% reduction in glass
transition temperature of a typical polyester resin [28]). Thirdly, the
chemical bonding at the fibre/matrix interface can be affected by
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moisture which in turn impacts the strength and stiffness of the com-
posite [13].

A material’s moisture absorption properties are quantified by the
diffusion coefficient, D, and moisture absorption capacity, M∞). Typi-
cally, D andM∞. are evaluated at temperatures at least 20 °C below the
glass transition temperature of the material under test [13,15]. D,
which quantifies the rate of moisture uptake and is generally based
on Fickian diffusion theory [16], is temperature dependent, generally
increasing with increasing temperature [16,18]. D for NCF basalt/
epoxy was found to increase from 2.4 × 10‐12 m2/s at 4 °C to
79 × 10–12 m2/s at 60 °C; for NCF E‐glass/epoxy D increased from
1.8 × 10‐12 m2/s at 4 °C to 96 × 10‐12 m2/s at 60 °C [19]. M∞ for a
composite is dependent on the specimen dimensions, matrix type, fibre
layup and the manufacturing process [17]. The expected range for M∞

of a neat epoxy resin is ≤ 7% [20].M∞ of neat epoxy resin systems pre-
pared using five different curing agents ranged from approx. 1% to 6%,
indicating a strong influence of chemistry [21]. M∞ for unidirectional
E‐glass/epoxy composites manufactured using different techniques
(hand lay‐up process and hot platen press process) varied from 2%
for the hand lay‐up process to 2.5% for the hot platen press process
[22]. For unidirectional epoxy‐based composites with a fibre volume
fraction of approx. 60%, M∞ typically ranges between 0.3% and 3%,
depending on the chemical composition of the epoxy matrix [23].
Numerous moisture absorption studies of basalt/epoxy composites
have been performed [18,23‐27]. NCF based basalt/epoxy composites,
manufactured using vacuum assisted resin infusion with a vacuum bag
and immersed in seawater for 200 days at 40 °C , demonstrated a
weight gain of 1.5%, for E‐glass/epoxy composites under the same
conditions the weight gain was 1.25% [19]. Plain woven basalt/polye-
ster composites, manufactured using compression moulding aged in
normal water and seawater for 24 h demonstrated a similar weight
gain of approx. 2% in both mediums [24]. Plain woven basalt/epoxy
composites manufactured using vacuum assisted resin infusion with
a vacuum bag, demonstrated a weight gain of approx. 3.5% following
an immersion period of approx. 100 days at 80 °C in distilled water.
The weight gain for plain woven E‐glass/epoxy composites under the
same conditions was approx. 6% [25]. Unidirectional basalt/epoxy
composites, manufactured using vacuum assisted resin infusion with
a vacuum bag, demonstrated a weight gain of approx. 0.8 % following
45 days immersion in normal water at 40 °C [26]. Unidirectional
basalt/epoxy polymers demonstrated a weight gain of approx. 3% after
ageing in seawater at 40 °C for a period of 84 days, compared to uni-
directional E‐glass/epoxy polymers which demonstrated a weight gain
of approx. 0.3% under same conditions. Both composites were manu-
factured using the pultrusion technique [27]. From these observations,
it can be seen that different types of resin matrices, fibre architecture,
manufacturing technique and conditioning environments utilised in
each of the studies may have influenced the moisture absorption
capacity of the composites. When composites are exposed to
hygrothermal ageing conditions, moisture diffuses through the matrix.
This results in matrix swelling and an increase in fluid pressure locally,
which can lead to distortion or delamination [27,29].

The flexural strength and interlaminar shear strength (ILSS) of fully
saturated NCF basalt/epoxy and NCF E‐glass/epoxy composite lami-
nates, manufactured using vacuum assisted resin infusion with a vac-
uum bag, were investigated following seawater immersion for
200 days at 25° C [19]. NCF basalt/epoxy composites demonstrated
a 25% reduction in flexural strength following seawater immersion
compared to NCF E‐glass/epoxy composites, which demonstrated a
6% reduction [19]. The ILSS of NCF basalt/epoxy decreased by
approx. 22% compared to approx. 20% reduction for NCF E‐glass/
epoxy [19]. Failure modes observed for the flexural samples using
SEM were compression and delamination on the compression side
while there was no evidence of tensile failure modes [19]. It was
reported in [24] that flexural strength of plain‐woven basalt/epoxy
composites was reduced by approx. 42% and 48%, respectively follow-
2

ing immersion in normal water and seawater for 24 hrs [24]. The
effect of moisture absorption on the ILSS of plain‐woven basalt/epoxy
and E‐glass/epoxy composites following immersion in distilled water
at 80° C for 100 days was evaluated in [25]. The ILSS of basalt/epoxy
composites was reduced by approx. 40% compared to approx. 60%
reduction observed in E‐glass/epoxy [25]. The reduction in ILSS was
attributed to the weakening of the fibre/matrix interfacial strength fol-
lowing moisture ageing [25]. The ILSS of basalt twill fabric/epoxy
composites, manufactured using hand lamination with an impregnated
roller, demonstrated a drop of approx. 40% following ageing in salt
water for 240 days [30]. However, E‐glass twill fabric/epoxy compos-
ites demonstrated no significant drop in ILSS under the same condi-
tions [30]. The effect of seawater on plain woven basalt/epoxy and
E‐glass/epoxy was investigated in [31]. The flexural strength of
basalt/epoxy laminates, manufactured using the hot‐press moulding
process, decreased by approx. 40% following immersion in artificial
seawater for a period of 90 days at 25° C. The percentage degradation
in flexural strength for E‐glass/epoxy was lower (approx. 30%) under
the same conditions [31]. No distinct change in flexural strength and
modulus was observed for unidirectional prepreg basalt/epoxy com-
posites, manufactured utilising hot‐press moulding process, following
immersion in distilled water for 90 days at room temperature [32].
The resistance to moisture ageing was attributed to the fibre/matrix
interface not being significantly affected by the distilled water [32].
It can be observed from the literature that moisture ageing negatively
affects flexural and interlaminar shear strength of fibre reinforced
polymer composites, except for the non‐effectiveness observed in
[32], and the severity of degradation varies depending on the type
of reinforcement, manufacturing technique and conditioning
environments.

In‐plane shear (IPS) tests play a key role in understanding fibre/-
matrix bond strength as the fibres are oriented at ± 450 relative to
the loading direction and therefore the IPS properties are matrix dom-
inated [33]. The IPS strength of basalt/epoxy composites under dry
conditions ranged from 14 MPa to 22 MPa and the IPS stiffness ranged
from 2.3 GPa to 2.8 GPa, depending on the manufacturing process uti-
lised [33‐36]. The effect of moisture absorption on the IPS shear prop-
erties of chopped glass mat reinforced epoxy composites,
manufactured by hand lay‐up using an impregnated roller technique
following immersion in distilled water and sea water for 60 days at
room temperature were investigated in [37]. The IPS shear strength
of glass/epoxy composites demonstrated a reduction of approx. 16%
and 10% in distilled water and seawater, respectively [37]. Although
the effect of moisture ageing on the IPS shear strength of composites
was reported in one case [37], the failure modes have not been anal-
ysed or presented in detail in any of the studies reviewed.

Overall, there is a lack of analysis in the literature regarding the
effect of moisture aging on the failure modes associated with flexural,
interlaminar shear and IPS shear loading of non‐crimp fabric based
(NCF) basalt/epoxy composites. In‐depth analysis of the failure modes
plays a key role in understanding the causes for the observed reduction
in strength. Therefore, the primary objective of this study is to analyse
the effects of moisture absorption on the failure modes of a non‐crimp
fabric (NCF) based basalt/epoxy composite following moisture ageing.
This will be achieved by determining the mechanical properties (flex-
ural, interlaminar shear and IPS) before and after immersion and ana-
lysing the failure modes at different stress levels (50%, 80% of failure
and full failure) using optical microscopy.

Insights into failure models for composite materials also can be
found through numerical modelling., e.g., in [38] the serial/parallel
mixing theory was used to analyse different composite failure modes
of glass/epoxy and glass vinylester composites. In particular, the finite
element model has been widely used, e.g. [38‐41], particularly incor-
porating cohesive zone models to represent the fibre/matrix interface,
e.g. [41,43]. More recently the phase field model, in conjunction with
a cohesive softening law has been used to model progressive damage
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and failure in composite materials with multiple failure mechanisms
[44]. The advantage of the phase field approach is that it avoids the
need for remeshing and crack tracking as damage propagates through
the material. In a companion paper to this one, the failure mechanisms
for the basalt fibre‐epoxy system under study will be presented, focus-
ing on the micro‐scale stress fields in the 0° and 90° plies. In this work
the experimental data are presented along with the observed failure
mechanisms.

2. Materials and methods

2.1. Materials

Basalt fibre (BAS UNI 350, non‐crimp fabric (NCF), 267 kg/dm3)
was sourced from Basaltex (Belgium) [45]. The fabric structure is
shown in Fig. 1, including the orientation of the 0° longitudinal basalt
fibre tows, 90° transverse basalt fibre tows, and the polyester stitching.
The total areal weight of the reinforcement fabric is 416 g/m2 [45]
with 85% of fibres aligned with the 00 direction and 13% aligned with
the 90° direction. The remaining 2% fibre is polyester stitching, which,
provides stability to the fabric, preventing misalignment of the 0°

fibers [46]. The average basalt fibre diameter is 18 ± 4 μm, measured
from SEM images using Imagej software. The basalt fibres utilised for
this study were as‐received from the manufacturers and no fibre sizing
modification was performed. Epoxy resin PrimeTM27 and slow hard-
ener (Prime 20) were sourced from Gurit [47]. PrimeTM27 is a low vis-
cosity resin (mixed viscosity of 265–285 cP with Prime 20 slow
hardener at 20 °C) with a gel time of 4 h 45 min at 20 °C and is suitable
for vacuum assisted liquid resin infusion.

2.2. Laminate manufacture

Laminates are manufactured by placing dry non‐crimp basalt fab-
ric, peel ply and distribution media on a glass tool surface. A stacking
sequence of [0°]16 is used for the laminates for the flexural and ILSS
tests; a stacking sequence of [±45°]8 is used for the laminates manu-
factured for IPS tests. The tool surface was first coated with a semi‐
permanent solvent‐based epoxy release reagent (Loctite 770‐NC Fre-
kote) to facilitate easy removal of the laminate after manufacture.
The preform was then contained within a vacuum membrane secured
by a sealant tape to the glass tool. This manufacturing process is
referred to as vacuum assisted liquid resin infusion using the vacuum
bag technique, which is also designated as RIFT‐2 [48]. The epoxy
resin and hardener were mixed at 100:28 parts by weight ratio and
a vacuum pump was used to draw resin into the dry fibre preform at
Fig. 1. Non-crimp basalt fabric structure: (a) front, (b) back. Different componen
stabilizing basalt fiber tows, (iii) polyester stitches.
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ambient temperature and consolidate the laminate. The manufacturing
process is illustrated in Fig. 2. The laminates were cured at room tem-
perature for 24 h and post‐cured at 60 °C for 7 h, following the supplier
guidelines [47]. A water‐cooled semi‐automatic cutter with a diamond
coated circular blade was used to extract specimens from each manu-
factured laminate. Specimens were extracted parallel to the 0° fibre
direction for flexural and interlaminar shear tests. For the IPS tests,
specimens were extracted such that the fibres were oriented
at ± 450 angle relative to the tensile axis.

2.3. Fibre volume fraction, cured ply thickness and density

Fibre volume fraction, Vf, and cured ply thickness, hp, were
obtained in accordance with ASTM D3171 [49]. Composite density,
ρc, was measured following the guidelines in ASTM D792 [50]. Three
specimens of each type were tested. Vf and hp were calculated using
equation (1) and (2):

Vf ¼ 100
ρc
ρf

 !
mf

mi

� �
ð1Þ

hp ¼ h
Np

ð2Þ

where mi = initial mass of the specimen (g), mf = mass of fibres
after combustion (g), ρf = fibre density (g/mm3), h = specimen thick-
ness (mm), Np = number of plies.

2.4. Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was performed,
using a DMA Q800 instrument from TA instruments using a three‐
point bend fixture to evaluate the viscoelastic properties of materials
in flexure. Specimen dimensions were nominally
60 mm × 12 mm × 6 mm. Six specimens were tested for each of
the three laminates manufactured. The specimens were heated to a
temperature of 250 °C at a constant heating rate of 5 °C/min with a dis-
placement amplitude of 10 µm and cyclic frequency of 1 Hz. Storage
modulus (E'), loss modulus (E“) and tan delta were recorded during
the test. The temperature at the peak of the tan delta curve was
reported as the glass transition temperature, Tg [51].

2.5. Moisture absorption

Five specimens of each type (ILSS, flexural and IPS) were oven‐
dried for 4 h at 45° C. Specimens were then immersed in deionised
ts of the fabric are identified: (i) 00 unidirectional basalt fiber tows, (ii) 900



Fig. 2. Arrangement for vacuum assisted liquid resin infusion manufacturing process: (i) Fibre preform, (ii) Glass tool surface, (iii) Resin inlet, (iv) Vacuum port,
(v) Dam tape, (vi) Sealant tape.
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water at 35° C in a water bath for 120 days. Environmental condition-
ing was performed in accordance with ASTM D5229 [52]. Deionised
water was selected for conditioning test specimens in this study as
chemical composition of deionized water is considered to be more con-
servative compared to conditioning in sea water [53]. Also condition-
ing in deionized water was shown to have a larger effect on
mechanical properties compared to sea water [53,55]. The amount
of moisture absorbed (M1), and the diffusion coefficient (D) were
determined using equation (3) and (4),

M1 %ð Þ ¼ mi �m0

m0
Δ� 100 ð3Þ

D ¼ πΔ
h

4M1

� �2 M2 �M1ffiffi
t

p
2 �

ffiffi
t

p
1

� �2

; ð4Þ

where m0 is the oven‐dried specimen mass (g), mi is the current
specimen mass (g), h is the thickness of the specimens and M1 and
M2 are the moisture contents corresponding to

ffiffi
t

p
1 and

ffiffi
t

p
2.

2.6. Mechanical testing

Flexural, interlaminar shear and IPS tests of moisture‐aged speci-
mens were conducted in accordance with ASTM standards [55‐58].
Nominal specimen dimensions were 150 mm × 13 mm × 6 mm for
the flexural specimens, 36 mm × 12 mm × 6 mm for the ILSS speci-
4

mens and 200 mm × 25 mm × 6 mm for the IPS specimens. The span
to thickness ratio was 20:1 (120 mm span length) and 4:1 (24 mm span
length) for the flexural and ILSS specimens, respectively. All tests were
performed using a Tinius Olsen universal testing machine with a 25 kN
load cell. The flexural modulus was measured within a strain range of
0.1% to 0.3%. For the IPS tests a biaxial extensometer (Epsilon model
3560 with 25 mm gauge length) was used to measure the specimen
displacement. To avoid any damage to the extensometer, it was used
only within the linear range of the shear‐stress/displacement curves
of the IPS test. The IPS modulus was calculated within a strain range
of 0.1–0.15%. A crosshead speed of 1 mm/min was used for both flex-
ural and interlaminar shear tests, whereas a displacement rate of
2 mm/min was used for the IPS tests. Five specimens of each type were
tested with three specimens tested to failure and two tests of each type
were interrupted at 50% and 80% of the average strength determined
from the failed specimens. After testing, specimens were sectioned and
prepared for optical microscopy (see section 2.7).

The flexural strength, σ, flexural strain, ε, interlaminar shear
strength (ILSS) and maximum IPS strength, τ12, were determined using
equations 5–8:

σ ¼ 3PL
2bh2

ð5Þ

ɛ
6δh
L2

ð6Þ
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ILSS ¼ 0:75
P
A

ð7Þ

τ12 ¼ P
2A

ð8Þ

where P is the maximum applied load (N), L is span (mm), b is spec-
imen width (mm), h is the specimen thickness (mm), δis the mid‐span
displacement (mm), and A = bh is the cross‐sectional area (mm2).

2.7. Optical microscopy

A Zeiss Axio Imager 2 Polarised light microscope was used for
image analysis. Specimens were mounted using Epoxy CureTM resin
and epoxy hardener and mixed at a ratio of 4:1 parts by weight ratio.
During mounting of the specimens, the mounting epoxy filled the gaps
created by crack propagation and delamination during mechanical
testing. In some of the images presented in Section 3, Imagej software
was used to mask regions containing the mounting epoxy to improve
the contrast between the matrix and the cracks.

3. Results and discussions

3.1. Fibre volume fraction, cured ply thickness and density

The values for cured ply thickness, density and fibre volume frac-
tion of the materials are summarised in Table 1; they are in the range
generally expected from the manufacturing process used. The values
are consistent in terms of cured ply thickness (0.35–0.36 mm), density
(2.2–2.4 g/cm3) and fibre volume fraction (53–55%). Since the speci-
mens demonstrate similar physical properties, the moisture uptake
capacity of all these specimens can be compared directly.

3.2. Dynamic mechanical thermal analysis

The DMTA results for each specimen type are presented in Table 1.
A DMTA analysis produces a tan delta curve, which is indicative of the
viscoelastic damping behaviour of a composite material [58,60]. The
peak of the tan delta curve is the glass transition temperature (Tg)
[51]. The Tg values measured for each specimen type (ranging from
86 °C to 88 °C) are in good agreement with the Tg value of 83.3 °C indi-
cated in the technical datasheet for the material [47]. Following mois-
ture ageing a significant reduction in Tg by approx. 20% was observed.
This can be attributed to the plasticization (softening) of the matrix as
a result of exposure to moisture [27,61].

3.3. Moisture absorption

The moisture content curves for each specimen type (ILSS, flexural
and IPS) are shown in Fig. 3. The saturated moisture content, M∞, of
each specimen type and the corresponding diffusion coefficient, D,
are reported in Table 2. The ILSS specimens have the maximum value
of M∞ (1.13%), followed by flexural specimens (1.08%) and IPS spec-
imens (0.85%).M∞ is dependent on Vf which is controlled by the man-
ufacturing process as well as on the type of matrix and fibre lay‐up.
The difference in the value of M∞ for IPS, flexural and ILSS specimens
could be attributed to the difference in fibre lay‐up. IPS specimens
have a [±450]8 layup, whereas flexural and ILSS specimens have a
[00]16 unidirectional fibre layup. The time required by specimens to
Table 1
Cured ply thickness, hp , fibre volume fraction, Vf , glass tranistion temperature, Tg a

Material hp (mm) Vf (%)

Flexural strength specimens 0.36 ± 0.04 54.2 ± 0.02
Interlaminar shear specimens 0.36 ± 0.07 53.8 ± 0.06
In-plane shear specimens 0.35 ± 0.14 55.2 ± 0.11

5

saturate is also dependent on the size and shape of the specimens
[4,63,63]. For example, the smaller ILSS specimens were the first to
attain full saturation after approx. 70 days of immersion in the current
study. The larger flexural and IPS specimens attained full saturation
after a longer immersion period of approx. 90 and 120 days,
respectively.

Table 2 summarises the diffusion results for the NCF basalt/epoxy
composites from this study. An overview of the diffusion results from
the present study and the literature has been presented in Table 3
where a strong dependency ofM∞ on the manufacturing process, resin,
fibre lay‐up and conditioning environment (media and temperature) is
evident. The diffusion coefficient, D, of the NCF basalt/epoxy speci-
mens at 35 °C ranged between 0.56 × 10–6 mm2/s and 0.83 × 10–6

mm2/s in the current study. Another study performed using similar
fibre reinforcement as NCF basalt/epoxy demonstrated a higher diffu-
sion coefficient, D (19 × 10‐6 mm2/s) at a temperature of 40 °C [19].
The difference could be attributed to the higher Vf of the composites
used in the current study (Vf ranged between 53 and 55% in this study,
whereas 44% was reported in [19]), the different epoxy resin systems
(Prime 27 in the current study, Araldite 1564 LY/Aradur 3687 in [19])
and also the conditioning media (deionised water was used in this
study whereas seawater was used in [19]).

3.4. Mechanical testing

Table 4 illustrates the results of the mechanical testing. Results
from [64] obtained for dry specimens are also included. Table 5 illus-
trates the results of single specimen interrupted tests performed on all
specimen types (flexural, ILSS and IPS) in dry and moisture aged
conditions.

3.4.1. Effect of moisture on composite strength
The average peak flexural strength of basalt fibre reinforced epoxy

composites in the dry condition was reported as 630 ± 9 MPa [64]. A
value of 511 ± 10 MPa was obtained in the current study for the mois-
ture aged specimens. A significant reduction in flexural strength was
observed (reduction of approx. 20%).

Fig. 4 provides an overview of the flexural strength results follow-
ing moisture ageing of different composites presented in the literature
and from the present study where different types of reinforcements
were used. All materials tested in the literature were fully saturated.
The results for the flexural strength of NCF basalt/epoxy from this
study (case 1 in Fig. 4) and from [19], case 2 in Fig. 4 demonstrated
no significant differences. The flexural strength for NCF basalt/epoxy
in this study is approx. 50% higher than plain‐woven basalt/epoxy
immersed in normal water and seawater [24], case 4 and 5 in Fig. 4
and approx. 80% higher than both plain‐woven basalt/epoxy and
plain‐woven E‐glass/epoxy composite, which were immersed in sea-
water [31], case 6 and 7 in Fig. 4. In contrast, the flexural strength
of unidirectional prepreg basalt/epoxy composite (immersed in dis-
tilled water), case 3 in Fig. 4, is approx. 54% higher [32] than NCF
basalt/epoxy tested in this study. It may also be noted that the flexural
strength of NCF E‐glass/epoxy [19], case 8 in Fig. 4, is approx. 10%
higher than NCF basalt/epoxy from this study. NCF basalt/epoxy
and NCF E‐glass/epoxy in [19] were immersed in seawater. It can be
clearly observed that the flexural strength of the composites varied
depending upon the fibre architecture, fibre volume fraction as well
as the conditioning media used in each of the studies.
nd density, ρc results for each specimen type.

ρc (g/cm3) Tg (0C)(Dry) Tg (0C)(Wet)

2.3 ± 0.3 87 ± 3 67 ± 0.4
2.4 ± 0.1 86 ± 1 68 ± 1
2.2 ± 0.1 88 ± 1 67 ± 0.6



Fig. 3. Moisture content (%) v/s exposure time graph showing the moisture absorption of three different types of specimens (interlaminar shear, flexure, and in-
plane shear) tested in the present investigation.

Table 2
Diffusion coefficicient, D, and saturated moisture content, M∞, for each
specimen type.

Material D (mm2/s) M∞ (120 days, 35 °C)

Flexural strength specimens 0.56 × 10-6 1.08 ± 0.03%
Interlaminar shear specimens 0.83 × 10-6 1.13 ± 0.07%
In-plane shear specimens 0.65 × 10-6 0.85 ± 0.07%

Table 3
An overview of the variation in diffusion coefficient, D, and saturated moisture conten
when different types of reinforcement, epoxy resin, manufacturing technology and c

Study Manufacturing
technology

Epoxy type Material

Fibre type Lay-up A

Present
study

Vacuum assisted
resin infusion

Prime 27 Basalt [00]16 N

[±450]8 N

[19] Vacuum assisted
resin infusion

Araldite 1564 LY /
Aradur 3687

Basalt 00

unidirectional
N

Vacuum assisted
resin infusion

Araldite 1564 LY /
Aradur 3687

E-glass Quasi-
unidirectional

N

[24] Compression
moulding

Polyester Basalt NA Pl

[25] Vacuum assisted
resin infusion

Epoxy RIM 135/137 Basalt NA Pl

E-glass NA Pl

[26] Vacuum assisted
resin infusion

Epoxy JN-C3P Basalt 00

unidirectional
N

[27] Pultrusion Epoxy Bisphenol-A Basalt Unidirectional N

Pultrusion Epoxy Bisphenol-A E-glass Unidirectional N
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The average peak interlaminar shear strength of basalt/epoxy com-
posites was determined to be 47 ± 3 MPa [64] in the dry condition.
After immersion it is determined to be 37 ± 4 MPa, demonstrating
a reduction of approx. 21%. An overview of the interlaminar shear
strength of composites following moisture ageing obtained from the
literature and from the present study when different types of reinforce-
ment are used is presented in Fig. 5. In each of these studies, the com-
t, M∞, data obtained from the present study and other studies from the literature
onditioning environment has been used.

Conditioning environment Diffusion co-
efficient (mm2/s)

Saturated moisture
content (%)

rchitecture Media Temperature
(C)

CF Deionised
water

350 0.56 × 10-6 –

0.83 × 10-6
1.08–1.13

CF Deionised
water

350 0.65 × 10-6 0.85

CF Sea-water 40 2.4 × 10-6 NA
250 7 × 10-6 NA
400 19 × 10-6 1.5
600 79 × 10-6 1.5

CF Sea-water 40 1.8 × 10-6 NA
250 7.5 × 10-6 NA
400 21 × 10-6 1.25
600 96 × 10-6 1.25

ain-woven Normal
water

RT NA 2

Sea water NA 2
ain-woven Distilled

water
800 NA 3.5

ain-woven Distilled
water

800 NA 6

A Normal
water

400 NA 0.8

A Sea water 250 NA 0.27
400 3.3
550 15.8

A Sea water 250 NA 0.14
400 0.34
550 2.03



Table 4
Interlaminar shear, in-plane shear and flexural strength test specimen dimensions and values obtained in accordance with ASTM D7264, D2344 and D3518.

Property Condition Lay-up AverageThickness
(mm)

Average Width
(mm)

Average Length
(mm)

Span to thickness
ratio

Strength
(MPa)

Modulus
(GPa)

Flexural strength
[64]

Dry 0½ �016 5.89 ± 0.02 13.5 ± 0.2 150.0 ± 0.1 20:1 630 ± 9 23.6 ± 1.7

Flexural strength Wet 0½ �016 5.83 ± 0.11 13.4 ± 0.3 150.0 ± 0.1 20:1 511 ± 10 24.6 ± 1

ILSS [64] Dry 0½ �016 5.76 ± 0.07 11.7 ± 0.1 34.5 ± 0.8 4:1 47 ± 3 –

ILSS Wet 0½ �016 5.66 ± 0.10 11.7 ± 0.2 34.6 ± 0.4 4:1 37 ± 4 –

IPS Dry �45½ �08 5.7 ± 0.21 21.4 ± 0.1 200.0 ± 0.1 – 75 ± 2 13.0 ± 0.1

IPS Wet �45½ �08 5.9 ± 0.03 21.2 ± 0.6 200.0 ± 0.1 – 58 ± 2 11.7 ± 0.1

Table 5
Stress values in single specimen interrupted tests for all specimen types.

Property Condition 50% peak stress (MPa) 80% peak stress (MPa)

Flexural [64] Dry 315 504
Flexural Wet 255 408
ILSS [64] Dry 23 37
ILSS Wet 18 29
IPS Dry 37 60
IPS Wet 29 46
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posites were fully saturated. Evidence of lower ILSS (approx. 60%) of
plain‐woven basalt/epoxy [25] after immersion in distilled water is
observed, case 3 in Fig. 5. The ILSS of twill‐woven basalt/epoxy
immersed in salt water, case 4 in Fig. 5 [30], is approx. 20% lower
than the value from the present study. The ILSS of NCF basalt/epoxy
from the present study is approx. 8% higher than NCF basalt/epoxy
from [19], case 2 in Fig. 5. It may be noted that following moisture
ageing, the ILSS of NCF basalt/epoxy from the current study had no
significant difference to NCF E‐glass/epoxy [19] (case 7, in Fig. 5)
and is greater (approx. 80% and 45% higher respectively) than
plain‐woven E‐glass/epoxy [25] and twill‐woven E‐glass/epoxy [30]
(cases 5, 6 in Fig. 5). In both [24] and [30], weakening of the fibre/-
matrix interface coherence as a result of moisture ingress leading to
interlaminar shear crack development was identified as the underlying
mechanism for failure. A significant variation in the interlaminar shear
strength of the composites in each of the studies can be ascertained.
This variation can be imputed to the differences in fibre architecture
as well as the fibre volume fraction of the composites tested in each
of the studies.
Fig. 4. An overview of flexural strength values of composites following moisture a
different types of reinforcement are used.
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IPS tests of NCF basalt/epoxy composites were conducted in the
dry conditions as well as following moisture ageing. The average peak
IPS strength in the dry conditions is 75 ± 2 MPa, while the value for
the moisture aged specimens is 58± 2 MPa demonstrating a reduction
of approx. 22%. An overview of the IPS strength of NCF basalt/epoxy
composite from this study and plain‐woven basalt/epoxy composites
[33‐36] from the literature in the dry condition is presented in
Fig. 6. Basalt/epoxy composite from this study demonstrated a com-
paratively higher IPS strength (approx. 70–80% higher) than that from
the literature. Although IPS strength is known to be highly dependent
on the fibre–matrix interfacial strength, the difference may also be
attributed to the different fibre architectures used in the studies
(plain‐woven in the studies from the literature as compared to NCF uti-
lised in this study). As mentioned in section 1, there is a lack of avail-
able data in the open literature based on IPS properties of basalt/epoxy
composites following moisture ageing. Therefore, no comparison
could be done based on the IPS properties of basalt/epoxy composites
following moisture ageing.

It can be clearly observed that moisture ageing significantly affected
the strength (flexural, interlaminar shear and IPS) of NCF basalt/epoxy
composite demonstrating a reduction of approx. 20–22%. When a com-
posite is saturated with moisture, most of the moisture is absorbed by
the matrix causing irreversible chemical changes in the composite
material. The extra mass of water causes the matrix to swell, which
tends to degrade the bonding between fibre and matrix [65] by causing
hydrolytic breakdown at the fibre/matrix interface leading to a loss in
load transfer between the resin matrix and fibre reinforcement. This
phenomenon can contribute towards a reduction in strength of NCF
basalt/epoxy composites which is observed in the tests.
geing obtained from present study and other studies from the literature when



Fig. 5. An overview of interlaminar shear strength values of composites following moisture ageing obtained from present study and other studies from the
literature when different types of reinforcement are used.

Fig. 6. An overview of in-plane shear strength values of composites tested in dry condition obtained from present study and other studies from the literature when
different types of fibre architectures are used.

Fig. 7. Flexural stress v/s strain curves: comparison of data between dry and moisture-aged specimens.
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3.4.2. Effect of moisture on stiffness
The average flexural modulus for dry NCF basalt/epoxy composites

was found to be 24.6 ± 1 GPa and the corresponding average modulus
for the moisture aged specimens was 23.6 ± 1.7 GPa. Therefore, no
significant effect on the flexural stiffness is observed following mois-
ture ageing. In contrast, IPS modulus of dry and moisture aged speci-
mens are 13.0 ± 0.1 GPa and 11.7 ± 0.1 GPa, respectively,
demonstrating a reduction of approx. 10% following moisture ageing.

For theflexural specimens, thefibre orientation is predominantly [00]
so theflexural stiffnesswhich ismeasured over the strain range 0.1–0.3%
is dominated by the properties of thefibres, which are expected to be rel-
Fig. 8. Comparison of cross-section of composite specimens tested under flexural be
mid-span of specimen: (a, b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) lo
ratio was 20:1. A white star indicates the top-most ply on the compression side.
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atively insensitive to moisture [33]. For the IPS test, where the fibre ori-
entation is [±450], the stiffness is significantly affected, as the IPS
stiffness is matrix dominated [33]. As the matrix absorb the moisture
and swells, it often leads to relaxation of residual compressive stresses
at the fibre–matrix interface caused by cure shrinkage [65]. This phe-
nomenon increases the prospect of debonding at the fibre–matrix inter-
face [65], which might have been a factor in the reduction of IPS
stiffness of basalt/epoxy composites following moisture ageing.
nding on compression side of moisture-aged (left) and dry (right) specimens at
aded to failure. Plies are indicated with white dashed lines. Span to thickness
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3.5. Failure modes in flexural bending tests

Failure of composites following moisture ageing depends on the
properties of the fibre, matrix, fibre/matrix interface and conditioning
environment [19]. In a flexural test, the effect of the bending stress is
maximised by having a larger span to thickness ratio and damage can
occur due to compression or tension or a combination of both [66].

Fig. 7 illustrates flexural stress/strain curves for dry (denoted in
red) and moisture‐aged (denoted in green) specimens. Single specimen
tests are interrupted at 50% and 80% of average peak flexural
strength, which corresponds to 315 MPa and 504 MPa for dry speci-
mens, respectively, and to 255 MPa and 408 MPa, respectively, for
the moisture‐aged case (see Table 5). As discussed previously, no sig-
nificant difference in stiffness of the composites is observed between
dry and moisture‐aged conditions. However, the flexural strength of
the moisture‐aged specimens is significantly affected (approx. 20%
reduction relative to dry specimens). It can be clearly seen that the
stress value at 80% of peak stress of the dry specimens (504 MPa) cor-
responds closely to the average peak strength observed for the
Fig. 9. Comparison of cross-section of composite specimens tested under flexural be
span of specimen: (a, b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) loaded
was 20:1. A white star indicates the bottom most ply on the tension side.
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moisture‐aged specimens (511 MPa). The stress value observed at
80% of peak stress (408 MPa) and 50% of peak stress (255 MPa) for
moisture aged specimens are approx. 20% lower than the correspond-
ing stress values observed at 80% of peak stress (504 MPa) and 50% of
peak stress (315 MPa) for dry specimens. From the flexural stress/
strain curves observed in Fig. 7, it is obvious that the initiation of dam-
age in the moisture‐aged specimens occurred at a lower stress level
(approx. 20%) compared to the dry specimens.

Fig. 8 illustrates the failure modes observed due to the evolution of
damage in flexural specimens from the interrupted tests (each image is
from a different specimen loaded to failure) for both dry (right) and
moisture‐aged (left) specimens on the compression side. The results
for the dry tests have previously been reported in [64]. In Fig. 8, the
top ply on the compression side is indicated with a white star. Com-
mon failure modes observed on the compression side for both dry
and moisture‐aged specimens are fibre kinking (a buckling phe-
nomenon [65,67]) and delamination. While the dry case exhibited
damage at 50% of peak stress, no evidence of damage is observed at
50% of peak stress (255 MPa) for the moisture‐aged specimen
nding on tension side of moisture-aged (left) and dry (right) specimens at mid-
to failure. Plies indicated with white dashed lines. The span to thickness ratio



I.R. Chowdhury et al. Composite Structures 275 (2021) 114415
(Fig. 8a). However, it must be noted that the stress level is lower for
the moisture case by approx. 20% compared to the dry specimens indi-
cating that the stress level is too low for the moisture‐aged specimens
to exhibit fibre kinking. The first evidence of damage on the compres-
sion side of the moisture‐aged specimens is observed at 80% of peak
stress (Fig. 8c) at a stress level of 408 MPa, where evidence of fibre
kinking, and delamination is observed. Since two plies are damaged
by fibre kinking, it is reasonable to assume that damage initiated in
the first ply somewhere between 50 and 80% of peak stress. Evidence
of fibre kinking affecting the top two plies at 80% of peak stress for the
dry specimens (Fig. 8d) is also observed. However, the stress level at
80% of peak stress for the dry specimens (504 MPa) corresponded clo-
sely to the stress level at failure (511 MPa) for the moisture‐aged spec-
imens. At failure (Fig. 8e‐f), both dry and moisture‐aged specimens
demonstrated evidence of fibre kinking and delamination.

Fig. 9 illustrates the failure modes observed on the tension side of
moisture aged (left) and dry (right) flexural specimens. The white star
indicates the bottom ply on the tension side. The failure modes
observed on the tension side for both the dry and moisture‐aged spec-
imens include fibre breakage in 0° fibres, delamination and transverse
crack in 90° tows. At 50% of peak stress for moisture‐aged (255 MPa)
(Fig. 9a) specimens some evidence of damage in the form of minute
fibre breaks in the 0° fibres and 90° tows can be seen. However, at
80% of peak stress (408 MPa) for moisture‐aged specimens (Fig. 9c)
significant evidence of damage is observed. Transverse crack develop-
ment in the 90° tows as well as evidence of delamination and fibre
breakage in 0° fibres are observed. In contrast, on the tension side of
dry specimens (Fig. 9 b, d) at 50% and 80% of peak stress (315 MPa
and 504 MPa respectively) evidence of damage is limited to only trans-
verse crack formation in the 90° tows of the last ply. At failure, both
moisture‐aged (Fig. 9e) and dry (Fig. 9f) specimens demonstrate evi-
dence of fibre breakage and delamination on the tension side.

From the observed failure modes and the stress level for the
moisture‐aged specimens it can be concluded that moisture ageing sig-
nificantly affected the strength of the composites, with evidence of
damage as well as failure occurring at lower stress levels. For example,
at 80% of peak stress for the moisture‐aged specimens significant fail-
ure was observed both on the tension and compression side, whereas
at 80% of peak stress for dry specimens failure was evident affecting
Fig. 10. Interlaminar shear stress v/s displacement curves: com
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the top two plies on the compression side, whereas on the tension side
limited transverse crack formation in the 90° tows of the last ply was
observed. It is speculated that the moisture absorbed by the matrix
affected the fibre/matrix interface leading to a reduction in flexural
strength as well as evidence of damage both on the tension and com-
pression side of the moisture‐aged specimens at a relatively lower
stress level.

3.6. Failure modes in interlaminar shear strength (ILSS) tests

The load configuration for an ILSS test is similar to that of a flexural
strength test, but with a shorter span (span to thickness ratio is 4:1) to
maximise the effect of the shear stresses. In an ILSS test the shear stress
varies parabolically through the thickness thereby generating failure
by crack formation at the mid‐thickness region of the specimen [34].
Moisture absorption in composites can also take place in capillaries
along the fibre/matrix interface (this phenomenon is referred to as
wicking [67,69]) which can directly affect the interlaminar shear
strength and associated failure modes [65]. Failure in an ILSS test is
expected to be controlled primarily by the fibre/matrix interface
strength.

Fig. 10 illustrates interlaminar shear stress vs displacement curves
for dry (denoted in red) and moisture aged (denoted in green) speci-
mens. Single specimen interrupted tests were also conducted for ILSS
specimens to observe the failure modes at different stress levels. Single
specimen tests were interrupted at 50% and 80% of average peak
interlaminar shear stress corresponding to 23 MPa and 37 MPa for
dry specimens, respectively, and to 18 MPa and 29 MPa, respectively,
following moisture ageing (see Table 5). As discussed previously, ILSS
of moisture‐aged specimens demonstrated a reduction of approx. 20%
as compared to the dry specimens. The ILSS/displacement curves for
the moisture‐aged specimens exhibited non‐linear behaviour at a
much lower stress level (close to 80% of peak stress) compared to that
observed for the dry specimens where the ILSS/displacement curves
exhibited non‐linear behaviour only close to failure.

Fig. 11 illustrates the evolution of damage at the mid‐thickness
region of ILSS dry (right) and moisture aged (left) specimens from
the interrupted tests. The white star indicates the 8th and 9th plies
(of 16 in total). No evidence of damage is seen at 50% of peak stress
parison of data between dry and moisture-aged specimens.
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for the dry specimens (Fig. 11b), but some evidence of cracking within
the 90° tows is observed at 50% peak stress for the moisture aged spec-
imens (Fig. 11a). Similar evidence of cracking within the 900 tows is
observed at 80% of peak stress for the dry specimens (Fig. 11d). For
both wet and dry specimens, ILSS crack propagation took place along
the edge of the 90° fibre tows or at the fibre/matrix interface (Fig. 11c‐
f). Evidence of damage in the form of interlaminar cracking is
observed at 80% of peak stress for moisture aged specimens at the
mid‐thickness region (Fig. 11c) but the stress level is approx. 20%
lower compared to that at 80% of peak stress of dry specimens. Over-
all, there is strong evidence to suggest that the ILSS crack formation at
failure for the moisture‐aged (Fig. 11e) specimens is preceded by
cracking within the 900 fibre tows.

Figs. 12 and 13 illustrate the evolution of damage on the compres-
sion and tension side of moisture aged ILSS specimens (left side of
Figs. 12 and 13) and dry ILSS specimens (right side of Figs. 12 and
13). For the dry specimens, no damage is evident either on the com-
pression (Fig. 12b, d) or on the tension (Fig. 13b, d) side before failure.
However, some damage is evident in the moisture‐aged specimens at
80% of peak stress: fibre buckling on the compression side (Fig. 12c)
and delamination on the tension side (Fig. 13c). This evidence of dam-
age on the tension and compression side at 80% of peak stress for the
Fig. 11. Comparison of interlaminar crack development in moisture-aged (left) and
b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) loaded to failure. Plies indicat
total). The span to thickness ratio was 4:1.
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moisture‐aged specimens is preceded by evidence of cracking observed
within the 900 fibre tows at mid‐thickness region at 50% of peak stress
(Fig. 11a) as well as formation of ILSS crack at the mid‐thickness
region at 80% of peak stress (Fig. 11c). Therefore, it can be said that
as a result of moisture ageing, the stress level observed at 80% of peak
stress (29 MPa) for the moisture‐aged specimens is sufficient to pro-
duce damage on the tension and compression side which is absent
for the dry specimens.

From the evolution of damage and the values for ILSS strength
observed for the moisture‐aged specimens, ILSS crack propagation took
place along or close to the edge of the fibre/matrix interface of the 900

fibre tows.Moisture ageing significantly affected the interlaminar shear
strength thereby leading to damage initiation at lower stress levels. The
first evidence of damage is seen at themid‐thickness region for themois-
ture aged specimens at 50% of peak stress, which is before any evidence
of damage was observed on the compression or tension side.

3.7. Failure modes in in-plane shear tests

Fibre reinforcement for the IPS test specimens is oriented at ± 450

relative to the tensile axis. The dominant failure mode in an IPS test
specimen is fibre–matrix debonding, occurring in the form of trans-
dry (right) specimens at mid-span mid-thickness region of ILSS specimens: (a,
ed with white dashed lines; white star indicates the 8th and 9th plies (of 16 in



Fig. 12. Cross-section of composite specimens tested under interlaminar shear loading on compression side of moisture-aged (left) and dry (right) specimens at
mid-span of specimen: (a, b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) loaded to failure. Plies indicated with white dashed lines. The span to thickness
ratio was 4:1. A white star indicates the topmost ply on the compression side.
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verse cracks leading to delamination between the plies at failure [70].
Thus, IPS tests provide information regarding fibre–matrix interface
strength.

Fig. 14 illustrates the IPS stress vs displacement curves for dry and
moisture‐aged specimens. The average peak IPS stress dropped by
approx. 22% for the moisture‐aged specimens compared to the dry
specimens. Single specimen tests were interrupted at 50% and 80%
of average peak IPS stress corresponding to 37 MPa and 60 MPa for
the dry specimens, and to 29 MPa and 46 MPa following moisture age-
ing. At each stress level, the IPS shear stress of moisture aged speci-
mens demonstrated a reduction of approx. 20–23% compared to the
dry case. IPS stress vs displacement curves for the moisture‐aged spec-
imens exhibited non‐linear behaviour at a stress level close to 50% of
peak stress, however the first evidence of non‐linearity for the dry
specimens is observed at higher stress level (approx. 26% higher than
50% of peak stress).

Fig. 15 illustrates the damage modes observed for the moisture‐
aged (left) and dry (right) specimens. The fibre tow boundaries are
13
indicated with white dashed lines in the figure. The fibres are oriented
at ± 45° angle relative to the loading axis hence a through thickness
cross‐sectional view reveals oval shaped ends of the fibres. Evidence
of fibre–matrix debonding in the form of transverse cracks within
and along the edge of the ± 45° tows is the dominant failure mode
observed for both moisture‐aged (Fig. 15a, c) and dry (Fig. 15d) spec-
imens. At failure, evidence of large delamination regions can be seen
in both moisture‐aged (Fig. 15e) and dry (Fig. 15f) specimens. No evi-
dence of damage can be seen at 50% of peak stress for the dry speci-
mens (Fig. 15b). However, for the moisture‐aged specimens, the
shear stress‐displacement curves exhibited non‐linear behaviour at
stress levels close to 50% of peak stress, which is confirmed by the
appearance of transverse cracks within the fibre tows at 50% of peak
stress (Fig. 15a). Evidence of more extensive transverse cracks is
apparent at 80% of peak stress (Fig. 15c) for the moisture‐aged speci-
mens, which ultimately lead to delamination between the plies at fail-
ure (Fig. 15e). For the dry specimens, the first evidence of transverse



Fig. 13. Cross-section of composite specimens tested under interlaminar shear loading on tension side of moisture-aged (left) and dry (right) specimens at mid-
span of specimen: (a, b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) loaded to failure. Plies indicated with white dashed lines. The span to thickness ratio
was 4:1. A white star indicates the bottom most ply on the tension side.

Fig. 14. In-plane shear stress v/s displacement curves: comparison of data between dry and moisture-aged specimens.
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Fig. 15. Cross-section of composite specimens tested under in-plane shear loading for moisture-aged (left) and dry (right) specimens showing failure mechanisms
at mid thickness mid-length region of the specimen: (a, b) 50% of peak stress, (c, d) 80% of peak stress, (e, f) loaded to failure.
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cracks is observed at 80% of peak stress (Fig. 15d) eventually leading
to delamination between the plies at failure (Fig. 15f).

From the evolution of damage observed and the values of IPS
strength measured for dry and moisture‐aged specimens, it is clear that
moisture‐ageing significantly affected the IPS strength with failure
occurring at much lower stress levels relative to the dry case. For
example, the first evidence of damage for the moisture aged specimens
is observed at 50% of peak stress with the formation of transverse
cracks along the edge of ± 450 fibre tows, whereas no evidence of
damage is seen at 50% of peak stress for the dry specimens.

4. Conclusions

Flexural, interlaminar shear and IPS properties of NCF basalt fibre
reinforced epoxy composites after immersion in deionised water have
15
been evaluated in this study and the failure modes have been analysed
using optical microscopy. The conclusions of the study are:

• A tentative correlation between the specimen size, fibre volume
fraction, fibre layup, and moisture‐uptake capacity, M∞, was
observed. IPS specimens with a [±450]8 lay‐up had the highest
Vf (55.2%) and demonstrated the lowest moisture uptake capacity
(0.85%). The Vf of flexural and ILSS specimens both with a lay‐up
of [00]16 was 54.2% and 53.8% respectively with corresponding
moisture uptakes of 1.08% and 1.13%. ILSS specimens with the
smallest specimen size were the first to saturate after 70 days fol-
lowed by the larger flexural and IPS specimens after 90 and
120 days, respectively.
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• The strength of basalt/epoxy composites (flexural, interlaminar
shear and in‐plane shear) is significantly affected following immer-
sion in deionised water. A reduction in strength for moisture‐aged
specimens of each type (approx. 20–22%) was observed relative to
dry specimens.

• No significant impact on flexural stiffness of the composites was
observed following moisture ageing. However, in‐plane shear stiff-
ness of moisture‐aged specimens was significantly affected (reduc-
tion of approx. 10%). For flexural specimens where the fibre layup
is predominantly [00], the flexural stiffness is fibre dominated. In
contrast, the stiffness response of IPS specimens is matrix domi-
nated due to the fibre layup [±450].

• From the flexural strength tests, similar failure modes are observed
for dry and moisture‐aged specimens on the compression side (fibre
kinking on 00 fibres and delamination) and on the tension side (fi-
bre breakage in 00 fibres, delamination and transverse crack in 900

tows). However, damage initiated at lower stress level in the
moisture‐aged specimens, consistent with the observed reduction
in flexural strength.

• From the interlaminar shear strength tests, interlaminar crack
development at mid‐thickness is observed for both the dry and
moisture aged specimens. However, for the moisture‐aged speci-
mens interlaminar crack formation at 80% of failure is preceded
by cracking within the 900 fibre tows at 50% of failure. For the
dry case, damage in the form of cracking within the 900 fibre tows
and interlaminar crack formation is first observed at 80% of peak
stress – it is not possible to say if the cracks within the 900 fibre
tows preceded interlaminar cracking for the dry case.

• From the in‐plane shear strength tests, evidence of fibre/matrix
debonding in the form of transverse crack development within
and along the edge of the ± 450 fibre tows followed by delamina-
tion between the plies is observed for both dry and moisture‐aged
specimens. For the dry specimens, the first evidence of damage is
observed at 80% of peak stress. However, for the moisture‐aged
specimens some evidence of transverse crack development is
observed at 50% of peak stress, which developed into extensive
transverse cracking and delamination at 80% of peak stress. This
is analogous to the damage development in the ILSS moisture aged
specimens where cracking within the 900 fibre tows preceded inter-
laminar cracking.

• The results from this study suggest that the sensitivity of NCF
basalt/epoxy composites to moisture absorption is similar to that
of NCF E‐glass/epoxy composites. For example, ILSS of NCF
basalt/epoxy from this study and NCF E‐glass/epoxy in [19]
demonstrated a similar reduction of approx. 20% for moisture
uptake capacity in the range of 1.1–1.2% even though different
conditioning media (deionised water in the present study, whereas
seawater in [19]) and different fibre lay‐ups (0° unidirectional for
NCF basalt/epoxy in this study and quasi‐unidirectional for E‐
glass/epoxy in [19]) were utilised.
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