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Wind turbine blades are mainly made from E-glass fiber (GF) epoxy composites, because of their good ratio
of strength to weight and costs. With the increase in blade length and tip speed, the problem of leading edge
erosion is becoming more severe, reducing annual energy production and raising maintenance cost. It was
recently shown that nanodiamond-treated flax fiber (FFy,) composites have significantly less erosion than GF
composites and could be an alternative for GF in the turbine blade aeroshells. However, FFy;, alone might not
be suitable for manufacturing turbine blades at the large scale of modern wind turbines. Here, we show that
a hybrid composite with a thin layer of only 1.5 mm of FFy, on a GF base, can achieve the same superior
results as bulk material FFy, composite. In addition, we show and explain why aramid fibers, that are known
for impact resistance, do not perform well as erosion protection. Our research shows the great potential of this
technology to be implemented as a low-cost, lightweight skin layer on the leading edge. Acting as damage-
tolerant failsafe layer, negligible ~ 0.04 % extra weight of the FFy, could increase the blade’s base erosion
resistance by a factor of 60+20 compared to plain GF, expanding the repair window, reducing costs, and

enhancing reliability.

1. Introduction

Wind turbine blades are mainly made from type E glass fiber (GF)
epoxy composites, because of their good combination of properties
(moderate stiffness, high strength, moderate density) and cost effective
production [1].

With the increase in blade length and tip speed [2], leading edge
erosion is becoming a severe problem for the wind energy indus-
try, reducing annual energy production [3,4] and raising maintenance
cost [5]. New base materials for wind turbine blades with less impact
fatigue and more erosion resistance are of great interest, since each
leading edge protection has a finite life time [6-8].

Aramid fibers (AFs) are known for their high thermal stability,
chemical and impact resistance [9,10], which is exploited in antiballis-
tic, protective applications [10,11]. AFs have a higher tensile strength
and higher elastic modulus than GFs [1], and have a higher tough-
ness [12] and lower density than carbon fibers (CFs) [1]. In contrast to
CFs, AFs are electrical insulating [9] and therefore suitable as material
for wind turbine blade aeroshells, without compromising lightning
protection. Together, this makes AFs to a promising material for erosion
impact protection.
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In a previous study, we showed that natural flax fiber (FF) and
nanodiamond-treated flax fiber (FFyp) composites have significantly
less erosion than GF composites, tested in the single point impact fa-
tigue test (SPIFT) [13]. The performance gap was explained with differ-
ent properties of the fibers that led to lower impact pressure, less stress
wave reflections and better impact energy absorption of the FFs [13].
However, this needs to be verified with additional measurements.

The aspect of sustainability and competitive specific mechanical
properties makes FFs to an attractive substitute for GFs in compos-
ites [14,15]. This is enhanced by the treatment of flax with nano-
diamonds, that improve the fiber’s performance [13,16], without mak-
ing them to a health or environment hazard [17].

Even though it has been shown that FFs are a suitable struc-
tural replacement to GFs in small wind turbine blades of 3.5 m length
(i.e. for 11kW turbine) [18], flax alone might not be suitable for
manufacturing turbine blades of over 100m length (i.e. for 15MW
offshore turbine [19]). Beside its lower mechanical performance, flax
has a different failure behavior with varying stress—strain accumulation
mechanisms. Both could be potentially overcome with new design
solutions, but this requires extensive and cost intensive testing of large
structures [18].
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Hybrid composites for the aeroshells could be an inexpensive solu-
tion for combining conventional blade designs with erosion resistant
materials. This has been proposed as protection against sand erosion
with CF leading edges [20].

In this work we present an investigation of the erosion properties
of three different hybrid composites, with a top layer of flax (i),
nanodiamond-treated flax (ii) and aramid (iii) fibers, all with a base
layer of GFs. In addition to measurements of impact fatigue and mass
loss, the acoustic emissions of the impacts were recorded, in order
to receive more information about the impact energy absorption. The
flax fiber hybrid (H-FF), nanodiamond-treated flax fiber hybrid (H-
FFyp) and aramid fiber hybrid (H-AF) reinforced epoxy composites
are compared to standard bulk GF, FF and FFyp reinforced epoxy
composites, reported in [13].

2. Material and methods
2.1. Materials

Flax fabric with 2/2-twill weave pattern, made from twisted yarns,
was chosen because of its beneficial damping [21] and impact fatigue
properties in composites [13]. It had a fabric weight of (136 +2) gm~2
and was supplied by Libeco NV, Belgium. The yarns had a number
metric of 36 N m and twist level of 670tpm, which corresponds to
a surface twist angle of about 21° according to Shah et al. [22]. A
nanodiamond-water-dispersion (uDiamond® Hydrogen D) of hydrogen-
terminated nanodiamonds was supplied by Carbodeon Ltd Oy, Finland
and had a concentration of 2.5 wt %.

Standard bi-axial grade E GF fabric of (600 +3)gm™2, 2/2-twill
grade E GF fabric of (204 +3)gm~2 and DuPont Kevlar 49, AF fabric
of (317 +2) gm~2 were supplied by Easy Composites Ltd, United King-
dom, as well as the epoxy resin system, EC-IN2 infusion resin with
EC-AT30-SLOW hardener.

2.2. Nanodiamond treatment of flax

The nanodiamond treatment was performed as described in [13].
The size of the flax fabric was 260 mm x 450 mm and the fabric was
mounted on a sample holder, clamping all fiber ends. The concentra-
tion of the nanodiamond dispersion was reduced from 2.5% to 0.3%
with deionized water. The cleaning and treatment of the fabric was
performed with a Sonomatic 3800, Langford Electronics Ltd., United
Kingdom, ultrasonic cleaner, working at a frequency of 33 kHz with
600 W ultrasonic power. First, the flax fabric was cleaned with iso-
propanol for 3min and then with deionized water for 20 min using
ultrasonic agitation. The treatment with nanodiamonds was performed
directly after cleaning without drying the fabric in between. The flax
was dip-coated in the nanodiamond dispersion for 30 min using ultra-
sonic agitation and rinsed with deionized water thereafter. Lastly, the
treated flax was dried on a hotplate at 60 °C for at least 6 h to evaporate
water without degrading the flax [23].

2.3. Experimental design and composite fabrication

The composites studied in this work were hybrid composites, con-
sisting of two different reinforcement materials. By using a common
base material (GF) the variation in stiffness between samples is mini-
mized resulting in more comparable results. Bi-axial GF formed a base
layer for all samples, emulating the base material of wind turbine
blades, and 2/2-twill weaves of FF, FFyp and AF formed a thinner top
layer as shown in Fig. 1. These hybrid samples were compared to pure
GF samples with 2/2-twill GF as top layer.

Following the approach of [13], we aimed for equal composite
thicknesses with a combined thickness of base and top layer of more
than 5mm in order to achieve optimal comparability to bulk FF and
FFyp material samples previously investigated [13]. The top layer
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GF-base layer

Fig. 1. Sketch of hybrid composite sample with a bi-axial GF base layer and different
top layers of 2/2-twill GF (a), FF (b), FFy, (c) and AF (d); The drawing emphasizes
that all top layers were impregnated together with the same GF base in a single
vacuum-assisted resin infusion.

of the hybrid composites was designed to be of equal thickness for
all types of reinforcements with the minimal number of fabric plies
possible. This was achieved by interpolating the needed number of plies
of each material from test composites.

The layup of the composites consisted of nine plies of (600 + 3) gm~2
bi-axial GF fabric and formed the same base layer for all samples. Each
reinforcement material had a section of about 90 mm x 90 mm size on
top of the base layer to form the different top layers of the samples as
shown in Fig. 1. The samples were impregnated together in a single
vacuum-assisted resin infusion, in order to achieve an equal ratio of
fiber and resin in the base layer of all samples. After curing for 24h
at room temperature, the composite was post-cured in an oven before
demoulding with the following curing cycle: 2h at 40°C, 2h at 50°C
and 5h at 60 °C. Table 1 shows a summary of fabrication steps and the
layup, including the ply numbers of the top layers. Before performing
the SPIFT, the different composite were cut into samples of about
40 mm X 40 mm.

2.4. Fiber volume fraction and areal porosity

In composites the fiber volume fraction is a fundamental character-
istic for the material’s mechanical performance. The composite volume
(V,) consists of the volume of fibers (Vf), matrix (V,,) and voids )

and their volume fractions (VF = V' /V,) sum to one [24]:
Vo=V, +V,+V, (1a)
= 1=VF, +VF, + VF, (1b)

The volumetric composition of the top and base layer differs for
hybrid composites because of the different fiber reinforcements. There-
fore, it is not possible to measure the volumetric composition of the
hybrid composites with the buoyancy method. However, knowing the
thickness of each layer (7;,) as well as the fiber density (p s the fabric
weight (p, f) and the number of plies (N), the fiber volume fraction
(VF,) of the top and base layer can be estimated by
Vi B N -pyy

2 = 2
Vi Pyt

VE, =

with V being the fiber volume and V the layer volume. In order to cal-
culate VF,, the fiber densities were taken from previous publications.
Rude et al. [25] measured the density of GF as (2.617 + 0.005) gcm™3,
Mehmood and Madsen [26] measured the density of FF as
(159 +0.05)gcm™ and DuPont [27] states the density of AF as
1.44 gcm™3. The layer thicknesses were measured with calipers, having
an uncertainty of 0.05 mm.

The areal porosity (Ap) was measured as described in [13] with the
area fraction of voids in sample cross section images. The single voids
were approximated as spheres. Their total area is the sum of the single
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Table 1
Composite layup and fabrication.
GF H-FF H-FFy, H-AF
Fabric type 2/2-twill woven fabric
Top layer Fabric weight [g/m?] 2043 136 £2 136 £2 317x2
Ply number 7 4 4 3
Fabric type Bi-axial GF
Base layer ~ Fabric weight [g/m?] 600 +3

Ply number

9

Epoxy resin system
Impregnation process
Curing cycle

EC-IN2 infusion resin with EC-AT30-SLOW hardener
Vacuum-assisted resin infusion
24h at room temperature, 2h at 40°C, 2h at 50°C and 5h at 60°C

Acoustic emission
capture system

Inline camera
(b)

(a) Piezoelectric
sensor
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Fig. 2. Illustration of the SPIFT, with instrumentation and control systems; (a) Front view of sample holder with piezoelectric sensor mounted next to the target, measuring the
acoustic emission of each impact; (b) Side view of testing setup; Compressed air accelerates the rubber balls through the barrel; An optical speed trap is placed 200 mm in front
of the sample holder and records the rubber ball’s velocity before it hits the target; A camera monitors and records the sample surface during the entire test. More details can be

found in the main text and in [28,29].

inclusion areas A; with radius r;, such that the areal porosity is given
by

A, =

N
X A
A

S

, with 4; = ri27r 3
with A, being the area of the image section.

2.5. Single point impact fatigue test (SPIFT), mass loss and acoustic emis-
sion

The SPIFT was used to study the impact fatigue behavior of the
composite samples and to monitor the damage progression at a single
impact point. It was performed with an electro-pneumatic projectile fir-
ing device, for a detailed description see [28,29]. Fig. 2 shows the SPIFT
setup used in this work with an optical camera and an acoustic emission
capture system. The projectiles used are nitrile rubber balls with an
average mass and density of (143 +3)mg and (1.09 +0.02) gcm™3, re-
spectively [13]. Via a vibratory feed system the projectiles are fed to the
pneumatic firing engine (Valken V12), compressed air accelerates them
through the barrel and shoots them on the target. The impact velocity
(Vimpact) is controlled by adjusting the air pressure and measured by an
optical speed trap (AirChrony MKIII). The impact rate and maximum
impact number is set via the controller, initiating the test.

The sample surface is monitored for damage and recorded during
the entire test via the Dino-lite microscope camera (M7915MZTL). The
test ends when significant damage is spotted, followed by reviewing
the video to measure the time to failure state, as detailed in [29]. The
number of impacts, N, is calculated using Eq. (4), where ¢ is the testing
duration until failure, and R; is the impact rate.

N=t-R, (C))

The impact velocity was set to 160ms~! and the impact rate to 1 Hz.
The mass loss measurements were performed as described in [13].
An analytical balance (XS204, Mettler-Toledo Ltd., USA) with a preci-
sion of +0.1 mg was used for the mass measurements. The initial sample

weight was measured directly before the SPIFT. For each measurement
the impact count was noted, the sample was unmounted from the
holder, weighed on the balance and mounted again. The impact number
intervals between the weight measurements started with 100 to 250
impacts at the beginning of the SPIFT and increased to 350 to 800
impacts at higher total impact counts.

During the SPIFT, a piezoelectric acoustic emission sensor, mounted
to the sample holder front face as shown in Fig. 2 (a) and a PAC 18-bit
A/D, 1 kHz-3MHz PCI-2 DAQ were used to measure the acoustic emis-
sion of impacts, that is transferred via the sample and sample holder
to the sensor. Acoustic emission refers to the elastic stress waves that
travels through the material upon impact or other processes releasing
mechanical energy into the system, like material cracking [28]. Due to
the sensor’s position, the sensor was measuring surface waves induced
by the impacts. More details on the measuring setup can be found
in [28].

The measured area under the rectified signal envelope (MARSE) was
used for determining the energy of the measured acoustic emission and
is referred to as acoustic energy.

2.6. Microscopy

After the SPIFT, optical microscope images were taken of the sam-
ples’ cross sections. The samples were cut a few millimeters away
from the center of the impact damage and ground to the center with
gradually finer sandpaper, finishing with a 10 pm diamond polish. The
cross section images were made by image stitching of several individual
micrographs taken with a DeltaPix microscope.

3. Results
3.1. Fiber volume fraction and areal porosity

Table 2 summarizes the properties of the samples tested. It dis-
tinguishes between top and base layer, showing the layer thickness
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Composite properties and quantification of voids/areal porosity in Fig. 3; The thickness uncertainty of the layers is
estimated to be +0.15mm; Voids are approximated as spheres with circular cross sections (s. Eq. (3)).

GF H-FF H-FFy, H-AF
Top layer Thickness [mm] 1.20 1.25 1.55 1.45
p ‘ay Fiber vol. fraction [%] 46 +6 27+3 22+2 46 +5
GF base laver Thickness [mm] 4.10 4.25 4.15 4.25
Y Fiber vol. fraction [%] 5242 50+ 1 52+1 50+2
Number of voids 1 33 46 48
Porosity Average diameter [pm] 215 115 +50 130 +40 100 + 35
Areal porosity [%] 0.071 £ 0.001 0.81+0.01 1.24 £0.02 0.82+0.01

wopog
mroyog

Fig. 3. Cross sections of GF (a), H-FF (b), H-FF, (c) and H-AF (d) samples after about 2000 impacts; The impact velocity was 160ms~'; The image sections show the full thickness
of the samples in the damage region; Voids are emphasized in red; No voids are visible at the impacted top layers; H-AF sample (d) shows severe material loss of matrix and

reinforcement, while the flax samples have the least visible damage.

and the fiber volume fraction, according to Eq. (2). The base layer
thickness has an average of (4.2 + 0.1) mm, indicating the common vari-
ations within composites due to reinforcement fabric inhomogeneities
and the vacuum infusion fabrication. Including the uncertainty of the
measurement, the thickness uncertainty of the layers is estimated to be
+0.15 mm. It can be seen that the thickness and fiber volume fraction of
the base layer of all samples are the same (overlay within error bars),
which was intended with the layup during fabrication, see Section 2.3.

Fig. 3 shows cross sections of the three hybrid composite samples
and the reference GF sample. The samples are shown in the region of
the impact fatigue damage, depicting the full sample thickness. The
damage is described in more detail in Section 3.3. The macroscopic
voids that are visible in the cross section images are emphasized in red,
their number and average size as well as the areal porosity are listed in
Table 2. It is apparent for all samples that voids are just located in the
base layer. Furthermore, there is no significant difference in void size
of the hybrid samples compared to each other, but their areal porosity
is higher compared to the reference GF sample.

3.2. Impact fatigue

Fig. 4 shows images of the samples’ front faces during the SPIFT.
They are extracted stills from the recorded tests and are given with the
number of impacts at the point at which the samples experience three
defined damage stages: (i) first visual damage, (ii) first matrix material
loss and (iii) ring fracture.

GF and H-AF show the typical bright reflections indicating delami-
nation and dark stains from the projectile debris after the first matrix
material loss. The flax samples show bright impact imprints at the
fiber locations, dark spots (accumulated debris) and bright reflections
(chipped off matrix material) at the formation of cracks and matrix
material loss. All samples eventually show ring fracture/island forma-
tion typical for single point impact as reported in [13,30]. The H-AF
sample has a similar performance to the GF sample, but reaches the
first two damage stages after about 25% less impacts. On average, H-
FFyp withstand 9 + 3 times as many impacts as H-AF, 6.7 + 1.1 times as
many impacts as GF and 2.2 + 0.9 times as many impacts as FF to reach
the same damage stage.

The first matrix material loss is a visual indicator for the end of the
damage incubation period. According to Fig. 4 the incubation period
for the GF sample is 23 impacts, for the H-FF sample it is 107 impacts,
for the H-FFy, sample it is 181 impacts and for the H-AF sample it is
16 impacts.

3.3. Mass loss

The mass loss of the hybrid composites as well as the reference
bulk GF composite is shown in Fig. 5, plotted against the number of
impacts. The mass loss of the bulk FF and FFy, material, reported
in [13], is also shown for comparison. The mass loss measurements give
important information about the progression of erosion and easily show
differences between the materials in erosive damage and proneness to
material failure.

The data shows that the H-AF and the GF sample have significantly
higher, and stronger increasing mass loss compared to the hybrid flax
samples. Fig. 5 (b) indicates that H-AF has a shorter incubation period
than GF, which was shown in Fig. 4. Furthermore, Fig. 5 (b) shows
that untreated and nanodiamond-treated flax samples start losing mass
at less than 100 impacts and more than 200 impacts, respectively.
Although not matching exactly the damage incubation shown in Fig. 4,
the same tendency is depicted. Thus, the H-AF and GF composites are
more prone to material failure than the hybrid flax composites.

The mass loss data in Fig. 5 is well fitted with a power function,
f(x) = a(x — x)° (see Table 3 for respective fitting parameters),
which is shown with confidence intervals of one standard deviation
(shaded). However, because of missing data, the incubation period
cannot be modeled reasonably, which applies particularly to the H-AF
data. The large and unusual shaped confidence intervals at the end
of the incubation period (beginning of mass loss) are a result of the
uncertainty of the parameter x, and possible negative values in the
root/power function (¢ < 1).

At an interpolated impact count of 1950, H-AF, H-FF and H-FFyp
have (113.2 + 0.4)%, (14.5 + 0.2)% and (7.3 + 0.4)% of the mass loss
of GF, respectively. This ratio is relatively constant between 1000 and
1950 impacts.
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GF H-FF H-FFyp H-AF

Before impact

|
2 mm

0 impacts 0 impacts 0 impacts

First visual damage

I
2 mm

16 impacts 51 impacts

First matrix material loss

107 impacts 181 impacts

Ring fracture

41 impacts 169 impacts

269 impacts 42 impacts

Fig. 4. Visual extent of three early damage stages of impact testing (v = 160ms~!); Images are extracted stills during testing, from the DinoLite microscope; H-FFy, withstands
the most impacts to reach the same damage stage, while H-AF is in the same range as GF.

Table 3
Fitting parameters of function f(x)= a(x — x,)°, fitted to mass loss data in Fig. 5.
H-AF GF H-FF FF H-FFyp FFxp
a [mg] (7+2)-1072 (11+2)-1072 (15+6)-1072 (1.1+0.4)-1072 (2.0+3.5)-1072 (25+0.1)-1072
Xo -1+9 99 +4 150 + 60 0+7 350 £ 200 640 + 45
c 0.71 £0.04 0.63 +0.02 0.33 +0.06 0.71 £0.05 05+02 0.46 +0.07

The strong difference between GF and H-AF is also clearly visible in
Fig. 3, where the cross sections of the samples are shown after about
2000 impacts. GF (Fig. 3 (a)) and H-AF (Fig. 3 (d)) have pronounced
impact craters. The damage and fiber loss are more severe for H-AF,

where the top layer is eroded to almost halve of its initial thickness.
This is in strong contrast to the H-FF (Fig. 3 (b)) and H-FFyp (Fig. 3 (c))

samples, that just show a few matrix cracks and onset of weak fiber
damage.
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Fig. 5. (a) Mass loss as a function of impact number with vy, = 160ms™'; Mass errors are too small to be shown (4m = +0.1 mg); A power function, f(x) = a(x — x,)°, is fitted
to the data, shown with one standard deviation confidence intervals (shaded); (b) Damage incubation period (c) Comparison between flax hybrid composites (H-FF, H-FFy,) and

bulk material composites (FF, FFy,) from [13].

Table 4

Average values of frequency, peak amplitude, duration and energy of recorded acoustic
emissions for the damage incubation (inc) according to Fig. 4 and for the interval
between incubation and 2000 impacts (rest); The most distinct difference between the
materials is shown during the damage incubation and for their acoustic energy.

GF H-FF H-FFy, H-AF
Frequency;,. [kHz] 771 771 78+ 1 76 + 1
Frequency . [kHz] 76 + 1 76 +2 76 + 1 75+2
Amplitude;,, [dB] 931 95+ 1 95+ 1 921
Amplitude,; [dB] 95+ 1 95+2 95+ 1 95+2
Duration;,. [ms] 439+09 43.6+0.5 43.4+0.6 43.4+04
Duration,, [ms] 435+0.7 434+12 43.4+0.6 432+1.1
Energy;,. [A.u.] 444 + 25 490 +20 545 +20 365+ 10
Energy .. [A.u.] 505 25 490 + 20 580+ 15 460 + 40

3.4. Acoustic energy

Table 4 shows the average values of frequency, peak amplitude,
duration and energy of the recorded acoustic emissions for the damage
incubation and for the interval between incubation and 2000 impacts.
It can be seen that the most distinct difference between the materials
is shown for their acoustic energy. This can be explained by the fact
that the acoustic energy combines frequency, duration, amplitude and
signal shape in one value.

In Fig. 6 (a) the average acoustic energy is depicted during the dam-
age incubation according to Fig. 4 and during the consecutive intervals
of 0-100, 100-200 and 200-2000 impacts. It shows that the difference
between the materials is strongest during the damage incubation, which

can be explained by the absence of damage. Since the damage progres-
sion, e.g. mass loss and creation of impact craters (Fig. 3), is different
for the tested materials, the least geometric difference and damaged
caused interference is given in the beginning of the SPIFT. This is in
line with previous acoustic emission recordings during the SPIFT [28].

In the incubation period and the first 100 impacts H-FFy, has the
highest acoustic energy, followed by H-FF, GF and H-AF.

Since high-velocity impact response is dominated by stress wave
propagation through the material [31], the impacts during the SPIFT
are most likely the strongest source for the measured acoustic emis-
sions. However, failure modes (matrix cracking, delamination, fiber
breakage) and material damage in general, are also sources for acoustic
emission [32-34]. Therefore, the measured increase in acoustic energy
with the impact number can indicate changes and potential damage in
the samples. The GF sample, for instance, shows an increase in acoustic
energy in the 100-200 impact interval, Fig. 6 (a), that coincides with
the onset of stronger mass loss, Fig. 5 (b). In the further course of the
SPIFT, the acoustic energy of GF, H-FF and H-AF approach each other
and reach the same acoustic energy (overlay within error bars) in the
damage interval of 200-2000 impacts. Only the H-FFy, sample has a
clear offset in acoustic energy throughout the SPIFT.

Each failure mode has a different acoustic emission spectrum, being
dependent on the materials tested [32-34]. However, this could not be
detected in the SPIFT, which can be explained by the different measur-
ing setup and test mode used in this test. For the identification of failure
modes, the sensors are usually mounted on the samples and standard
coupon tests like tensile or bending tests are performed [32-34], that
do not create stress waves in contrast to high-velocity impacts.
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Fig. 6. (a) Average acoustic energy during the damage incubation according to Fig. 4 and during the consecutive intervals of 0-100, 100-200 and 200-2000 impacts, showing

most distinct differences before severe damage; AF absorbs the most impact energy (v

impact = 160ms~!), resulting in the strongest damage; Nanodiamonds help to dissipate the

impact energy and reduce damage; (b) Comparison of impact energy between hybrid sample (H-FF, H-FFy;,) and bulk sample (FF, FFyp) relative to average values of the untreated
flax samples (H-FF, FF) in the depicted interval; The acoustic energy progression for hybrid and bulk samples is almost identical.

Even though invisible damage can add to the acoustic emission
during the damage incubation, it can be assumed that the acoustic
emission is dominated by stress waves that were caused by the impacts.
The initial impact pressure is dependent on the composite density and
was calculated to be 14% lower for bulk FF composites compared to
bulk GF composites, because of the lower density of FFs compared to
GFs [13]. Since AFs have a density close to FFs (see Table 5), it can
be assumed that the impacts create a similar level of acoustic emission
(+10%) for all samples. Thus, different acoustic energies result mostly
from the transmission/absorption properties of the different materials.
As consequence, low acoustic energy corresponds to less transmission
and more absorption of the impact energy by the tested material. It is
apparent that materials with high impact fatigue and mass loss have
less acoustic energy. This indicates a relation between impact energy
absorption and material failure.

For comparison, the acoustic energy of the bulk materials FF and
FFyp was also measured and included in Fig. 6. Due to a shift in
absolute energy, which we ascribe to a different structural damping
between sample and sample holder (different sample size, mounting
position and/or contact pressure), the acoustic energy is given relative
to the interval’s average acoustic energy of the untreated flax samples
FF and H-FF. This is shown in Fig. 6 (b). The difference in acoustic
energy between FF and FFyp is almost identical to the difference
between H-FF and H-FFyy,.

Differences in acoustic energy can be caused by a number of mate-
rial properties, affecting the transmission of elastic waves, their damp-
ing and absorption. The matrix and fiber materials as well as their
interface play an important role, since the components pass on their
properties to the composite. In the following the velocity of elastic
waves, their reflectivity at the interfaces between matrix and fiber, and
energy absorption due to material failure are analyzed.

3.4.1. Elastic wave velocity

Impact creates longitudinal compression waves (c), transversal
shear waves (cg), and Rayleigh surface waves (cy) propagating through
the material with different velocities [44]. The wave velocity gives
information about the energy dissipation and the acoustic energy, since
the wave energy is proportional to the wave velocity [45]. In turn, the
wave velocities are dependent on the elastic properties and the density
of the materials, which are listed in Table 5 for cured epoxy resin, GF,
FF, AF and diamond (D).

The compression wave velocity (speed of sound) in a solid is given
by

| Ea-v
TV rna-2v° )

with E being the elastic modulus, p being the density and v being the
Poisson’s ratio [46].

Due to the position and alignment of the piezoelectric sensor, mostly
surface waves were measured during the SPIFT. Therefore, the Rayleigh
wave velocity is of particular interest. It can be approximated by

0.862 + 1.14v . |G
CR:1—+VCS with Cg = ;, (6)

with G being the shear modulus [47].

The calculated wave velocities are listed in Table 6. The high wave
velocities of diamond can explain the higher acoustic energy measured
for the H-FFyp and FFyp samples compared to the untreated flax
samples (see Fig. 6 (b)). The slightly higher average frequency (f)
of H-FFyp (Table 4), indicates a higher wave velocity through the
nanodiamond treatment, since ¢ = f - 4, with 1 being the wavelength.
Furthermore, the higher wave velocities of GF match the higher acous-
tic energy compared to AF/H-AF.! However, H-FF has a higher acoustic
energy than GF and H-AF, despite having lower wave velocities.!

3.4.2. Wave reflectivity

In a previous work [13], the reflection coefficients of GF and FF
were calculated as —0.71 +0.02 and —0.21 +0.08, respectively [13],
predicting less transmission for compression waves in GF composites.

In order to find a correlation between wave reflectivity and acoustic
energy (mostly surface wave energy, due to sensor position), this
needs to be applied to shear and Rayleigh waves, too. The reflection
coefficient at the interface of matrix (M) and fiber (F) is defined as

Zy— Zp
T Zy+ Zp’

with Z = pc being the acoustic impedance [45].

The reflection coefficients for the different elastic waves are listed
in Table 7. It shows that shear and Rayleigh waves have about the

)

1 Here, we refer to the transversal (TV) direction of AF/FF, since the
compression waves hit the fibers mainly in this direction due to the composite
layup.
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Table 5
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Material properties of the single materials; FF and AF are an-isotropic, relevant properties are given as longitudinal (LT) with

and transversal (TV) to the fiber direction.

Epoxy resin GF FF AF D
E; 1 [GPa] 54 + 15 [36] 112.4 [27]
: .3 3
Ery [GPal 2903 [35] 706 [30] 712 [36] 8 [38] 113080 [37]
Gyr [GPa] 1.0£0.17 35.42 [38] 2.5 [39] 3 [38] 502 [37]
p [gem™] 1.1+£0.2 [35] 2.617 +0.005 [25] 1.59 +0.05 [26] 1.44 [27] 3520 [37]
Vir 0.3 [42] 0.36 [27]
viw 0.4 [40] 0.21 +£0.01 [40,41] 0.32 [43] 037 [38] 0.07 [371

E
2140

2 Calculated by G =

Table 6

Calculated velocities [ms™'] of compression wave (c) longitudinal (LT) with and
transversal (TV) to the fiber direction, Eq. (5), shear wave (cg) and Rayleigh wave
(cg), Eq. (6).

Epoxy resin GF FF AF D
cur 6800950 11450
2400 + 150 5800 + 300 18000 + 640
ery x15 800+ 2500400 3050 *
cs 970 + 50 3679+ 4 1250 20 1440 11940
cx 91050 3349+ 8 1160 + 20 1350 10510

Table 7
Calculated reflection coefficient of compression wave (R) longitudinal (LT) with and
transversal (TV) to the fiber direction, shear wave (Rg) and Rayleigh wave (Rp),
Eq. (7).

GF FF AR D
Rip ~0.61 %005 ~0.73+ 002

~0.71+0.02 ~092+001
Rpy * 2021 £0.08 ~0.27+0.03 £
Rs ~0.80+0.01 ~030+0.03 ~032+002 ~0.951 +0.003
Ry ~0.79+ 0,01 ~030+0.03 ~032+0.02 ~0.947 + 0.003

same reflection coefficient at the matrix—fiber interface, which is higher
than for compression waves.! Thus, GFs reflect shear and Rayleigh
waves about 3 times as strong as FFs. Stronger reflections mean that
less wave energy arrives at the sensor, which can explain the lower
measured acoustic energy of the GF sample compared to the H-FF sam-
ple, shown in Fig. 6 (a). As consequence, the impact energy dissipates
less and higher peak stress in the impact area might explain why the
matrix/surface is damaged faster in GF composites compared to FF
composites [13]. Thus, the acoustic energy measurements support the
hypothesis, that a high reflectivity and thus low transmission of stress
waves within the composites causes faster damage [13].

However, this argument cannot be applied to the H-AF and H-
FFyp samples, because they show the lowest and highest acoustic
energy, respectively. AFs have an-isotropic properties [9] similar to
FFs [39] (see Table 5), resulting in a lower speed of sound in transversal
(TV) direction and a lower compression reflection coefficient compared
to the longitudinal (LT) direction. All three reflection coefficients of
AFs are as low as of FFs, but the acoustic energy of H-AF was even
lower than of GF, indicating less wave transmission. On the contrary,
the high reflection coefficients of diamond predict low stress wave
and acoustic energy transmission, which is not matching the acoustic
energy measurements.

This indicates that there are other causes that are more decisive
for the acoustic energy transmission of the H-AF and H-FFy, samples
than the stress wave reflectivity. We discuss this in more detail in the
following.

3.4.3. Energy absorption due to material failure

Material failure during the SPIFT can be a reason for different
acoustic energy measurements. Delamination (see Fig. 4) and breakage
of fibers (see Fig. 3) were observed during the SPIFT and are both
known for their energy absorption and impact damping abilities [48].

Delamination can occur due to poor interfacial adhesion between
matrix and fiber [11], which is a known property of AFs [49]. Fur-
thermore, material failure is a main mechanism for impact energy ab-
sorption of composites [50]. This is utilized and studied for protective
anti-ballistic applications of AF composites [51-53]. A consequence of
the energy absorption due to material failure is the high mass loss of
the H-AF sample, which is shown in Fig. 5. This can explain why the
H-AF sample had the lowest measured acoustic energy and showed the
highest impact fatigue and mass loss during the SPIFT.

Material failure as a major contribution to impact energy absorp-
tion, can qualitatively explain the acoustic energy of the GF, H-FF and
H-FFyp samples, too. The GF sample has a similar mass loss as the H-
AF sample (see Fig. 5), but a higher acoustic energy (see Fig. 6). This
correlates with less fiber failure and less broken fibers, which is shown
in Fig. 3, where the impact crater of the H-AF sample is almost twice as
deep compared to the GF sample. Furthermore, because of the higher
density of glass compared to AFs, the amount of broken fibers of the GF
sample must be lower compared to the H-AF sample at a similar mass
loss.

Both flax samples have only little mass loss and no visible fiber
failure as shown in Fig. 3. Hence, less energy absorption due to less
material failure can explain the higher acoustic energy compared to
the GF sample.

The treatment of flax with nanodiamonds was shown to have a
positive effect on the tensile strength of FFy compared to untreated
flax [16] and was shown to improve the impact resistance of FFyp
composites [13]. This results in less fiber failure [13], which is also
reflected in the higher acoustic energy of the H-FFy, and FFyp samples
compared to H-FF and FF samples, Fig. 6 (b).

4. Discussion
4.1. Comparison of hybrid and bulk material composites

It is very interesting to see that the SPIFT results of the hybrid and
bulk material composites [13] are almost identical. For instance, the
first visual matrix material loss of FF and FFy composites occurred
after 106 and 179 impacts at a velocity of 160ms~!, respectively [13].
The hybrid H-FF and H-FFy, composites, studied in this work, reached
the same damage under the same conditions after 107 and 181 impacts,
respectively. This is visualized in Fig. 7, where the V-N data of hybrid
composites and V-N fits of bulk composites [13] are shown. On average
the incubation period at 160ms™! is 4.63 +0.02 times (FF, H-FF) and
7.83 + 0.04 times (FFyp, H-FFyp) the incubation period of the reference
GF composite.

In Fig. 5 (c) the mass loss of hybrid H-FF and H-FFy, composites
is compared to the bulk material FF and FFy composites. Both hybrid
samples are very close to their respective bulk sample values. Especially
the nanodiamond-treated samples (H-FFyp,, FFyp) have an almost con-
stant difference of (0.20 + 0.15) mg, which just is slightly more than the
mass measurement error of 0.1 mg can resolve. The H-FF sample, on the
other hand, starts to deviate after an impact count of about 1000 and
has less mass loss than the bulk sample with maximum difference of
about (—0.70 + 0.15) mg.
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Fig. 7. V-N data of hybrid composites and V-N fits of bulk composites with 95%
confidence intervals (shaded) [13]; While the H-AF data is outside of the GF fit,
indicating worse fatigue properties, H-FF and H-FFy, match the fit of the respective
bulk materials.
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Fig. 8. Comparison of V-N fits, Eq. (8), of bulk GF, FF and FFy, composites [13]
with V-N fits of an erosion protective gelcoat [28] and two PU coatings [29]; All V-N
data describes the point of first material loss; The non-logarithmic depiction shows
more intuitively the difference in erosion resistance of the different materials, with PU
performing best in the high velocity range (>175ms™!) and PU+GNP+SG performing
best at lower velocities. FFy;, performs better than the gelcoat at all velocities and has a
much higher resistance than PU at the velocities relevant for wind power (<150ms™").

In summary, it can be stated that a thin flax composite layer of about
1.5mm gives hybrid composites the same superior fatigue resistance
as the bulk flax material and that the V-N curves of hybrid H-FFyp
composites are very likely similar to the bulk material V-N curves [13],
which is indicated in Fig. 7.

This can be explained by the impact energy mostly dissipating at the
surface of the composites. This is supported by [54] who showed in a
general context that ~2/3 of the power of elastic waves generated in a
material are contained in Rayleigh surface waves. Another indication
are the acoustic energy measurements, Fig. 6 (b), with almost no
difference between hybrid and bulk samples, showing that the nano-
diamond treatment causes higher acoustic energies independent of the
flax thickness.

4.2. Comparison to protective coatings

Fraisse et al. [28] and Frost-Jensen Johansen et al. [29] used the
SPIFT to test composite coatings on their erosion protective properties.
This allows a direct comparison between these coatings and the hy-
brid/bulk composites presented in this work and [16]. Fig. 8 shows
a comparison between fits of the V-N data of bulk GF, FF and FFyp
composites [13] and V-N fits of a composite gelcoat [28] and two
composite PU coatings, pure PU and, graphene and sol gel-modified PU
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Table 8
Summary of the discussed properties, showing which property can predict the right
order in the acoustic energy of the different composites (+).

GF H-FF H-FFyp H-AF
Elastic wave velocity + — + +
Wave reflectivity + + - _
Material failure + + + +

(PU+GNP+SG) [29]. More information about the coatings can be found
in the respective references. All fits are based on the same equation
N(UimPaCt) =C- Ui_r:lnpact ®
where N is the number of impacts, v is the impact velocity and, C and m
are the fitting parameters. All data describes the point of first material
loss.

It can be seen that the PU coating performs best in the high velocity
range (>175ms™!), while the PU+GNP+SG coating shows the highest
damage resistance at lower velocities, which is more relevant for the
use on wind turbine blades. FFyp performs better than the gelcoat at
all velocities and has a much higher resistance than PU at the lower
velocities relevant for wind power (<150ms~!). FF comes close to the
performance of the gelcoat.

This shows the great potential of combining H-FF and H-FFyp
composites with a top coating for leading edge protection of wind
turbine blades.

4.3. Absorption of impact energy

The acoustic energy measurements help to understand how the
impact energy of the rubber ball projectile is absorbed in the different
composite materials. In Table 8 the regarded properties are summarized
and it is shown which property is able to predict the right order in the
acoustic energy of the different composites, Fig. 6.

The different elastic wave velocities of the stress wave that is
created upon impact, can explain the order of acoustic energy of all
materials except for the H-FF composite. However, it cannot explain
the rise in acoustic energy with the progressing impact number.

The high reflection coefficient of GFs can explain why the GF
composite has less transmission of elastic waves and less measured
acoustic energy compared to FFs. But wave reflectivity on its own
cannot bring the H-AF and H-FFy, composites in line with the acoustic
energy measurements. However, the discussed properties are connected
to each other. While the wave reflectivity is dependent on the wave
velocity, Eq. (7), a higher reflectivity can lead to higher peak stress
and earlier material failure.

Material failure in turn can be the link in the correlation be-
tween high mass loss and low acoustic energy transmission/high impact
energy absorption. An explanation for this can be found in the dif-
ferent fiber structures of GFs, FFs and AFs as well as in the effect of
nanodiamonds on FFs, which will be discussed now.

4.3.1. Fiber structure

In contrast to GFs, FFs [55] and AFs [38] are both an-isotropic and
significantly weaker in the transverse fiber direction. AFs are made
from polymer chains that have no covalent bonds between the polymer
chains, just weak intermolecular hydrogen bonding [56]. FFs have a
multi-scale and hierarchic structure, where cellulose microfibrils in a
matrix of hemicellulose and lignin form cell walls that enclose the
lumen, a hollow channel in the fiber center [57]. Flax shows non-
destructive impact energy absorption, due to its hierarchic structure
and viscoelastic nature. The impact energy can dissipate through fric-
tion and is transformed into heat on different scales: (i) fabric, (ii)
yarn, (iii) fiber, (iv) cell wall, (v) lumen and (vi) micro fibril. This is
described in detail in [13] and gives flax composites better vibration
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Table 9

Bulk modulus, B, calculated with Eq. (9) and compressive strength, o, of the
single materials; Where applicable properties are given as longitudinal (LT) with and
transversal (TV) to the fiber direction.

Epoxy resin GF FF AF
By [GPa] 45+13 134
By [GPal 48+05 45£5 742 10
o, [MPa] 102 [38] 1550 [38] 1200* [57] 600" [57]

a Measured with loop test.

damping [58] and sound absorption [59] properties compared to GF
composites.

Looking at the compression properties of the different fibers can
help quantifying the difference in structure. The bulk modulus, B,
describes the effort of reducing the volume of a material and can be
estimated from the elastic modulus, E, and the Poisson’s ratio, v, [46]:

_E
T 3(1-2v)
The calculated values are listed in Table 9, together with compres-
sive strength values that were found in literature. It is apparent that
GFs have a higher bulk modulus and compressive strength than FFs
and AFs in the transversal fiber direction. This can explain why GFs
have a higher fiber failure resistance than AFs. The fact that GFs fail
faster than FFs however, can be understood together with GF’s high
stress wave reflectivity that causes stress peaks, overcoming the fiber’s
strength.

The lumen in FFs strongly affects compressability, since it provides
volume for compression, explaining the low bulk modulus. The lumen
might also act as a built-in air cushion, giving the fiber the ability to
recover between impacts.

Even though the AF bulk modulus is slightly higher than of flax,
its compressive strength is just halve as high as of flax. Therefore, the
faster fiber damage and failure under impact is likely a result of the
low compressive strength [9,57]. Furthermore, it is reported that AFs
do not recover well from strain and experience fiber splitting, fraying
and fast damage [9]. This behavior can also be seen in the cross section
image of the damaged H-AF sample in Fig. 3 (d) and is a channel for
destructive energy absorption.

B ©

4.3.2. Nanodiamonds

It was shown in [16] that through the nanodiamond treatment of
flax, nanodiamonds bond to flax, improving the cohesion between the
fibers in the yarn and fabric. This increases the friction between the
fibers and strengthens the yarn. The increase in friction through nano-
diamonds is likely enhancing the non-destructive energy dissipation
in several of the mentioned structure levels of flax and results in less
material failure, as shown in [13]. The higher acoustic energy of the
H-FFyp sample compared to the H-FF sample supports this hypothesis.

The higher acoustic energy also indicates that nanodiamonds im-
prove the compatibility between the matrix and the treated fibers,
since the matrix—fiber-interface is important for load transmission [48]
and the acoustic energy transmission increased after the nanodiamond
treatment of flax.

4.4. Aramid or flax fibers for erosion protection?

The SPIFT results show that the H-AF composite performs worse
than the reference GF composite, with a 30% shorter erosion incuba-
tion period and more than 13% higher mass loss at impact velocities
of 160ms~!. This is also shown in Fig. 7, where the H-AF data is
clearly outside of the 95% confidence intervals of the GF fit. To-
gether, this indicates adverse erosion properties when applied to wind
turbine blades. Thus, despite the promising qualities (high impact
resistance and toughness, low density, electrically non-conducting),
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(b)

Fig. 9. (a) Sketch of wind turbine with FFy, skin layer (brown) on the blade’s leading
edge at the outermost blade section (about 30m length) towards the tip; (b) Turbine
blade cross section (not at scale) showing the hybrid composite at the leading edge, a
thin layer of FFy, (brown; about 1.5 mm thick and 0.5m wide over leading edge) on top
of the base GF (blue); The rest of the blade is made conventionally from GF to keep
the blade’s mechanical properties unchanged. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

we demonstrate that AF composites are not suitable for leading edge
protection.

In strong contrast to this, the H-FFyp composite has an almost 8
times as long erosion incubation period and at least 96% less mass loss
at impact velocities of 160ms~! compared to GF composites.

4.5. Failsafe skin layer for wind turbine blades

Leading edge erosion (LEE) gains severity with longer wind turbine
blades and higher tip speeds. The 15MW offshore reference wind
turbine defined by the International Energy Agency (IEA) [19] has a
rotor diameter of 240 m with a maximum tip speed of 95 ms~!. Erosion
occurs especially towards the tip of blade, where the velocity is higher.
Here, there is need for extra protection, which might only include
the last 30m towards the tip, covering speeds from 95ms~! to about
70ms~!. This is sketched in Fig. 9 (a), where a wind turbine is shown
with a FFyp skin layer on the leading edge towards the blade’s tip.

A (1.55 + 0.15) mm thin skin layer of FFyp composite on the leading
edge (e.g. 30m length, 0.5 m width) can be easily included in the layup
during the blade fabrication with just four plies of (136 + 2) gm~2 FFyp.
In Fig. 9 (b) the blade’s cross section is sketched, showing the hybrid
composite at the leading edge, a thin layer of FFyp on top of the base
GF, while the rest of the blade is made conventionally from GF. In
this way, the effect of the flax skin layer on the mechanical properties
of established and well tested wind turbine blades made from GF is
kept minimal. With its low density (p = 1160kgm~ [13]), the FFyp
composite layer would only add an extra weight of about 26 kg, which
is less then 0.04% of the turbine blades total weight [19].

Since, the SPIFT results are almost identical, it can be concluded
that hybrid composites have the same superior fatigue resistance as the
bulk flax material. This means that the additional FFyp, skin layer po-
tentially increases the erosion incubation period by a factor of 60 + 20 at
the maximum rotation speed of 95ms~! (extrapolated from V-N fatigue
data) [13] and substantially enhances the base erosion resistance of
wind turbine blades.

5. Conclusions

In this work we present the impact fatigue and mass loss of hybrid
composites, build from two different fiber reinforcements. The hybrid
composites consist of a thin (1.2 to 1.55mm) top layer made from FF,
FFyp and AF and a thick ((4.20 +0.15) mm) base layer made from GF.
This is compared to bulk material composites made from GF, FF and
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FFyp. We show that H-FF and H-FFy, composites have as little impact
fatigue and mass loss as FF and FFyp composites reported in [13].

Compared to GF composites, H-FFy, composites have an almost
8 times as long erosion incubation period and more than 96% less
mass loss at impact velocities of 160ms~!. The nanodiamond treat-
ment of flax almost doubled the incubation period of H-FF composites
and halved the mass loss. In contrast to that, the H-AF composite
perform worse than the GF composite, with a 30% shorter erosion
incubation period and more than 13% higher mass loss. The acoustic
energy transmission measured for the hybrid composites indicates that
impact energy absorption due to material failure is the main reasons
for the measured impact fatigue behavior. Here, the different fiber
structures make the difference between destructive (GF, AF) and non-
destructive (FF) energy absorption, while nanodiamonds enhance the
energy dissipation.

Consequently, it can be concluded that AFs are not suitable for
erosion protection of wind turbine blades. FFy on the other hand,
shows great potential to be implemented as a low-cost, lightweight
skin layer on the leading edge. The simple addition of four plies of
FFyp during the turbine blade’s fabrication, would increase the mass
of a turbine blade by negligible ~0.04%, while providing an increase in
base erosion resistance by a factor of 60 + 20. Thus, flax as failsafe layer
could expand the repair window, reduce costs, and enhance reliability
and damage tolerance.

6. Future work

Even though all top layer fiber materials were chosen to have the
same weave pattern, there are differences in the textile properties
between synthetic and natural fibers. It is therefore interesting to
investigate different yarn properties like twist or thickness as well as
non-crimp fabrics in the future.

Microscopic images of the surface layers could further reveal details
on damage mechanisms and more differences between synthetic and
natural fibers.

Following the indications that the impact energy mostly dissipates
at the surface of composites, the performance of even thinner flax layers
and the minimal thickness of the skin layer need to be studied.

As natural next step, whirling arm rain erosion tests can give further
insights on the performance of FFyy, as protection layer for rain droplet
impacts.
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