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Abstract

A medium scale demonstrator of a hybrid glass/carbon fibre composite wind turbine blade spar
cap/root joint was designed, manufactured and tested statically and dynamically. The current study
describes a the step-wise pattern of the demonstrator, its manufacturing and mechanical testing. The
glass-carbon fibre transition and ply drop-off strengths are critical to the design of the blade. The
design of the glass-carbon transition demonstrator aims to provide a constant stiffness over the
specimen length whilst concurrently aiming to keep stress concentrations at a minimum. The specific
composite structure combines triaxial and biaxial E-glass and carbon fibres embedded in a powder
epoxy matrix. One of the most important aspects of this work relates to the damage response of the
coupons. The fatigue analysis of the coupons and the failure mechanisms, such as interfacial
delamination and debonding within the transition are presented for all examined coupons. The results
provide sufficient evidence to describe the mechanical behavior of the demonstrator over time, and
they indicate that the demonstrator has structural integrity over a fatigue life of >1M cycles at 50% of
the ultimate tensile strength.

1. Introduction

According to WindEurope, the former European Wind Energy Association (EWEA), the offshore
wind sector in Europe generated a record of 3148 MW of net additional installed capacity in 2017;
53% of which was generated by the UK[1]. In recent years, both blade sizes and the commercial
production volumes of wind blades have significantly increased (approx. 23% per annum [1]); thus,
advanced materials and improved designs are required [2, 3]. As the length of the blades increases, the
specific strength and stiffness also need to increase. High specific stiffness, good fatigue properties,
low densities and the easy tailorability of fibre reinforced polymers (FRP) make them ideal materials
for longer blade designs. Although carbon fibre (CF) is stronger, more fatigue-resistant and less dense
than E-glass, its high cost remains problematic for the commercialisation of wind turbine blades [4-6,
8]. This is especially evident where thick FRP sections are required [7, 9]. However, the arrival of new
materials, such as high performance carbon fibres with improved sizings and specifically formulated
powder epoxies [11-13] are interesting for the design of superior quality blades with cost-effective
manufacturing processes [4]. Vacuum infusion processing (VIP) and vacuum bag only (VBO) are
processing techniques commonly used for the manufacture of wind turbine blades. VBO is of
particular importance to emerging industries such as marine renewable energy (MRE), as is the most
cost effective manufacturing method. Nevertheless, thick-section processing requires a low cure
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exotherm, a short infusion time window and rapid cure response so that the process cycle time can be
reduced without compromising the quality of the part [14-19]. Maguire et al., studied a cost- effective
model for the process cycle time of the curing process and proved that a thick-section part could be
fully or partially consolidated in one stage and then assembled and fused together in a separate stage to
produce “one-shot” cured parts, without a further adhesive bonding stage [14, 27]. This project
introduce a thickness-tapering design using an epoxy powder resin where the parts were initially
consolidated and then assembled together for a “one-shot” cure process.

To improve the reproducibility and decrease high scatter in measured mechanical properties, optimised
designs are needed. In this study, thickness-tapering was employed to tailor the specific stiffness and
specific strength of thin-walled structural elements subjected to spatially distributed loads. The
tapering was introduced by terminating plies at different locations, also known as ply drop-offs. Ply
drop-offs cause discontinuities within a laminate and therefore introduce structural complications,
such as stress concentrations and through-thickness stresses, leading to potential failure of the
components through delamination and/or failure of the resin. Stress concentrations at ply drop-offs can
lead to premature failure at loads well below the material’s inherent strength. As a consequence, the
advantages of introducing ply drops may be outweighed by the disadvantages. The stress-raising
effects of ply drop-offs depend on several design variables. These include the orientation and position
of the terminated plies within the laminate, the overall laminate stacking sequence and the nature of
the applied load. In this project, the design of the glass-carbon transition demonstrator aimed to
provide a constant stiffness over the length of the specimen whilst concurrently aiming to keep stress
concentrations at a minimum.

A rotor operates under random loads, and wind turbine blades experience a large number of fatigue
cycles throughout their service life, approx. 103 [25, 28]. When a blade is in the horizontal position,
the blade’s mass generates cyclic stresses with a maximum load near the leading and trailing edges. In
addition, there is a) wind shear loading when both blades are vertical and the flapwise load is lower at
the vertically downward position than that at the vertically upward position due to the vertical wind
shear profile, and b) gravitational loading on the blades throughout the blades’ rotation cycle [5, 9, 10,
20-25]. In this project, the tapering demonstrator is representative of many features in the spar cap of
a wind turbine blade. The stress concentrations at the ply drop-offs can cause premature failure of
blades in either static or dynamic loading and so it is important to test the demonstrators in both static
tension and in fatigue. The fatigue life of such a structure is heavily dependent on regions of stress
concentration. Micro-cracking in such regions can lead to the catastrophic failure of the entire
structure in a relatively short number of cycles. As such, it is important to design so that stresses
remain well below the endurance limits of the material. In the following sections, preliminary fatigue
results for the ply-drop off of a glass-carbon transition demonstrator are presented. In section 2.1, the
design of the demonstrator is described, followed by the materials used and the manufacturing process
in section 2.2. Furthermore, section 2.3 provides preliminary fatigue test results with a discussion on
the failure mechanisms of the demonstrator specimens. Finally, conclusions and suggestions for future
work are discussed in section 3.

2. Experimental
2.1. Design

The design of the glass-carbon transition demonstrator aimed to provide a constant stiffness over the
length of the specimen in order to keep stress concentrations to a minimum. To achieve this, the
proposed design consisted of a scarf joint and a back-to-back configuration (Fig. 1). The stacking
sequence of the plies was balanced and symmetric with respect to the laminate midplane. In addition
to the slope of the ply drop-off regions, their location in a stack is also important, therefore, a step-
wise pattern was incorporated into the design. This step- wise pattern of ply drops was preferred since
at the start and the finish of the ply drop regions, the dropped plies are centred in the mid plane. To
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avoid abrupt ply terminations, the ply drop-off did not exceed a distance of 0.20mm per drop. The
dropped plies were evenly distributed through the laminate thickness. The width of each specimen was
35mm with a clamping length of 110mm (for subsequent mechanical testing).
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Figure 1. The design of the glass-carbon transition demonstrator is a back-to-back configuration with
a hollow-out in the middle section.

The demonstrator component was made of two similar pieces which were bonded in a back-to-back
configuration. This configuration of the test elements was manufactured by first curing each side and
then bonding the two parts together; more details are provided in section 2.2.

2.2. Materials and Methods

Commercially available continuous tow carbon fibres T700S-24K-50C (1% sizing agent) from
TORAYCA® (Toray Industries, Inc.) were used. The uni-directional (UD) E- glass, Triaxial E-glass
fibre 1200g/m? and Biaxial E-glass fibre 600g/m?* supplied by P-D Glasseiden GmbH Oschatz, Hexcel
Reinforcements UK Limited and Cristex UK respectively. The powder epoxy resin used for the
manufacturing of the demonstrators was EC-CEP-0016, supplied by EireComposites Teo. with a
density of 1.22 kg/cm®. The processing of this powder epoxy was characterised by Maguire et al. [14],
while the compatibility of the carbon fibre sizing with the powder epoxy was studied by Mamalis et
al.[11]. As the thickness of carbon fibre (CF) layers used was smaller than that of the unidirectional
(UD) E-glass, two layers of CF were used for each layer of E-glass. Once the fabrics were cut to the
correct size, and the amount of powder required for each layer was applied, the composite was then
laid up. A stainless steel caul plate was used on one side to create a flat surface and a polyimide
release film was laid on the uneven bagged surface. To ensure that the layers were correctly aligned,
one side of the laminates was taken as a reference and each subsequent layer was aligned with this
edge. This was especially important for laying up the stepped layers as there was a higher risk of
misalignment. The alignment was also checked along the edge of the demonstrator to minimise the
risk of misaligned fibres. The completed demonstrator was covered with release film and vacuum
bagged. The curing cycle consisted of a B-stage cure, as described in [24].

After curing, the panel was machined according to the design in section 2.1. The scarf joint is formed
from a ply drop that narrows as a function of distance along the joint. Underlying the transition
between the GFRP and CFRP segments was a hollowed out region surrounded by two GFRP
segments. The purpose for this hollow section in demonstrator design was to guide failure to the centre
of the demonstrator. The gap/slot in each specimen was approx. 2.5mm deep and 20mm in length. Due
to slot machining requirements, the pieces were bonded with a structural adhesive, Loctite EA 9394
QT AERO paste, in a back-to-back configuration as shown in Figure 2. Note that in wind blade
manufacturing, no adhesive would be used; both components would be co-cured in a “one-shot” cure
process.
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Figure 2. The bonding process of the two specimens (a) and the back-to-back configuration as one
coupon (b).

After bonding, the demonstrators were cleaned, deburred and prepared for testing. The environmental
conditions for both dynamic and static tests were: room temperature at approximately 20°C and a
relative humidity level of 53%. For the static test a gripping pressure of 100 bar was operated, while
for the dynamic testing, all specimens were cyclically loaded in tension-tension (R=0.1) at 3Hz using a
gripping pressure from (50-80) bar at either 40%, 50%, 55%, 60%, 65%, 70% and 75% of the
estimated static failure load. The results are presented and discussed in the following section 2.3.

2.3 Results and discussion

During their operational life, wind turbine blades experience aerodynamic, gravitational and
centrifugal forces. However, it is not always practical to determine combined load cases over critical
cases, so in this work only critical cases are considered. The expected life span of wind turbine blades
is approximately 20 years so they must be able to withstand ca. 2 x 10® load cycles. Due to the large
variations in stress across the length and thickness of the demonstrator, it is the practice to determine
an endurance load limit as opposed to an endurance stress limit. In this study, a total of 44 test
demonstrators were manufactured and tested to determine both static tensile and fatigue properties. An
average failure load of 261kN (SD= 23.2kN) was extracted from the later static tests, see Table 1.

Table 1. Static test results of the demonstrators.

Specimen ﬁ;;;ufet Failure Load
No. (mm) (kN)
1 2.62 252.8
2 3.67 285.9
3 3.79 270.9
4 3.00 254.9
5 3.59 265.4
6 5.83 293.4
7 3.46 219.5
8 2.60 248.2
Average 3.57 261.4
SD 1.03 23.2
CoV (%) 28.9 8.9

The estimated failure load had been defined as 245kN based on earlier assumptions, therefore all the
dynamic tests were carried out with the estimated failure load. According to the results (Table 2 and
Figure 3), neither the specimens at 40% or 50% load had failed by 1,000,000 cycles and testing was
discontinued, while the specimens at the rest of the loads resulted failed. In Figure 3, a linear trend for
the failed specimens is derived.
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Table 2. Dynamic test results of the demonstrators.

Load No. of cycles
0,
76 Finax (kN) to failure
1,000,000
40 98.0 (stopped)
1,000,000
50 122.5 (stopped)
55 134.7 148,532
60 147.0 114,541
65 159.2 18,141
70 171.2 17,335
75 183.7 10,505
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Figure 3. Fatigue test results for all cases. A linear trend for the fractured specimens is depicted.

Alam et al. [26] investigated the mechanical properties of CFRPs embedded in powder epoxy resins
under cyclic load, where they were reported to fracture in an explosive manner. This style of failure
was also observed to occur to some extent in the demonstrators. More precisely, failure was
catastrophic in all cases with debonding in the transition between the GFRP and CFRP, interfacial
delamination in both the GFRP and CFRP, fibre breakage, and matrix cracking, as shown in Figure 4.
Contrary to the work in [26] no cross (perpendicular fibre) failures were observed. Rather, the failure
in the demonstrators was dominated by shearing at interfaces, which from video footage, was noted to
instigate from the hollowed-out section. This is evident in Figure 4, where fractures are preponderant
in the loading axis of the demonstrator. Since failure is initiated at the hollowed-out section,
debonding between the CFRP and the GFRP presumably follows the same step-wise path of the ply-
drops. This is evidenced in Figure 5 where holes are visible at the ply-drops (in red boxes). The ply
drops therefore serve to temporarily stunt the propagation of the debonding in the transition zone by
absorbing some of the fracture energy.
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Figure 4. Failure mechanisms in demonstrator coupon including fibre breakage, debonding in the
transition at the ply drop-offs, matrix cracking and interfacial delamination.

Nevertheless, the ply-drops also fail at the glass-carbon transition zone, transverse to the loading
direction, and to the direction of the propagating debond. The transverse tensile debond is
considerably weaker than debonding through shear and as such, even though the ply-drop serves to
retard some fracture energy, it also acts as a point of weakness that leads to a transverse opening.
Designing the most effective ply-drops is therefore of paramount importance as if they are sufficiently
large, they will be more effective at blunting cracks within the demonstrators. However, being large is
also a drawback, as if large ply-drops do themselves debond in a transverse to loading direction, they
leave the demonstrator considerably weaker and disrupt the solid state continuum that would otherwise
hold and transfer load.

Figure 5. Highlighting the redirecting of fracture at the ply-drops.

The ply drop demonstrator, described in this study, is an example of a structure which features many
of the design aspects and challenges of current composite ply-drop technology. These include the
characteristics of the novel powder-epoxies being investigated, as well as structural features (e.g. ply
drops) associated with turbine blade design. Power epoxy hybrid composites can have a significant
positive impact on reducing the cost of manufacture of durable structures for the renewable energy
industries, since all the parts of a wind turbine rotor can be assembled without adhesive bonding. In
this project, a medium-scale tapered demonstrator was designed, manufactured and tested under cyclic
load to determine its life cycle. Normally, ply drop-offs would create structural anomalies such as
stress concentrations at the drop-location that could to a decrease the stiffness and strength of a blade.
However, the introduction of a glass-carbon transition reduces the severity of this effect to a minimum
in a cost-effective manner.
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3. Conclusions

In this study, debonding in the interface between the GFRP and the CFRP region was detected in all
demonstrator specimens. In addition, interfacial delamination was also detected, which was more
severe for the GFRP sections than for the CFRP sections. In the middle section of each demonstrator,
a slot was introduced to guide the failure at that point. In most cases, failure occurred as a consequence
of debonding in the interface which was close to the middle section. That debonding decreased the
strength of the coupon in the middle section which then caused catastrophic matrix cracking. Overall,
it is clear that if the CFRP insert is not used to its full capacity, the endurance limit of the demonstrator
will be reduced from its potential endurance limit. From this, we are able to conclude that in any
further work, demonstrators should be designed to circumvent interfacial failure between the CFRP
and the GFRP, so as to ensure that the CFRP insert is used to its fullest extent. Future studies involve
new designs of drop-off and “one shot” cure process for the whole coupon.
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