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Abstract

The structure of a wind turbine is exposed to a complex multi-axial cyclic loading. The blades are
commonly manufactured of adhesively joined composites. Adhesive joints are usually strongest if
loaded in shear and accordingly fatigue properties in shear are important.

In the current paper, experiments are performed to derive material data for a crack propagation in
shear i.e. in mode Il. The shear loading of the crack is achieved by use of double cantilever beam
specimens loaded with uneven bending moments. The experiments are performed under a constant
cyclic displacement. An initial mode | loading is used to make the crack start in the adhesive. The
crack length is measured using a load synchronized camera.

Due to the shear loading the crack deviates from the adhesive layer into the laminate. A stable crack
propagation is detected in the laminate. No influence have been detected due to an increasing crack
length. It is also observed that the crack is trapped in the laminate; if the loading is changed to mode |
the crack continues to propagate in the laminate.

1. Introduction

The desired lifetime for wind turbines is 20 years or about 5-10° load cycles. This desired fatigue limit
is far beyond common lifetime predictions and the loading conditions are complex. The rotor blades of
a modern wind turbine are manufactured of adhesively joined composites. In comparison with other
joining methods like screws or rivets, adhesive joints are preferably since they distribute the load over
a larger area. However, to obtain improved performance the mechanical properties of the adhesive
joint have to be adapted for the current situation. To this date, design tools for adhesive joints still
need to be developed.

The loading on an adhesive joint can be divided into two parts, normal stress, o, and shear stress, r,
see Fig 1. The corresponding displacements are &, and &. Adhesive joints are usually strongest if
loaded in shear, cf. e.g. [1, 2]. Three different types of failures are associated with adhesive joints, viz.
cohesive failure (fracture in the adhesive), adhesive failure (fracture between adhesive and substrate)
and failure in the substrate. The kind of failure is dependent on material properties and loading
conditions, and combinations of different failure types are common.
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Figure 1. Loading of an adhesive layer.

A recent study shows that the joint at the trailing edge (TE) is one of the most critical positions in a
rotor blade; see Fig 2a [3]. The inner part of the joint is more severely loaded then the outer part. A
fatigue crack can be expected to start in this position and propagate along the edge, see Fig 2b.
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Figure 2. a) Schematic cross-section and b) crack initiation and propagation at the trailing edge.

Figure 3 shows the TE from a blade (SSP 34 m) which has failed due to one single overload. Several
slanted cracks are visible. The slanted cracks in the 45° direction indicate the presence of a shear load,
cf. e.g. [4]. The final failure is close to the interface, however, a mixture of cohesive failure, adhesive
failure and failure in the substrate (composite) are observed. In this paper, experiments are performed
in order to determine shear fatigue properties of adhesively joined composites.
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Figure 3. Shear cracks and failure observed in a 34 m SSP-blade.
2. Method

In this study, we utilize the double cantilever beam specimen (DCB) and methods based on the J-
integral approach [5]. The general geometry and the loading are shown in Fig. 4.
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Figure 4. Loading for a DCB-specimen.

The DCB-specimen can be loaded with forces [6, 7] or with moments [8, 9]. It is possible to
superimpose the two cases. A summary of present methods to calculate the energy release rate is given
in [10]. During fracture propagation, the energy release rate equals the fracture energy. Two common
ways to achieve pure shear exists, viz. by three point bending specimen or by four point bending
specimen. The three point bending specimen for fracture is usually named end notched flexure
specimen (ENF). Pure shear is achieved if the specimen is loaded by, F; = F, = F3/2, M3 = FsL and M,
= M, = 0. The four point bending specimen is a special case of the double cantilever beam with uneven
bending moments (DCB-UBM). Pure shear is achieved if the specimen is loaded by, F1 = F, = F; =0
and M; = M, = M,/2. The latter method is used in this study. It is used in several previous studies, cf.
e.g. [11]. The method has also been used for fatigue of laminates, see [12].

3. Specimens and experiments

The DCB-specimens are manufactured from GRFP-plates with a thickness of h =8 mm. The plates are
joined by at = 3 mm thick adhesive. After curing, the plates are cut to desired geometry; b = 30 mm, a
=70 mmand L = 0.5 m, see Fig. 5. An insert foil is used to create a start for the crack propagation.
Taps are attached to the specimen for an easy introduction of the loads.
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Figure 5. Geometry of the used DCB-specimen.

A specially designed servo hydraulic test frame is used to apply the fatigue load by pure bending
moments. The load is applied to the specimen by wires and lever arms, see sketch in Fig. 6a. The
equipment has been used in earlier studies, see e.g. [12]. In this study, the equipment is complemented
with a load synchronized camera which is used to measure the crack growth. The camera takes
pictures at predefined load cycles. The surface of the specimen is painted white in order to increase the
visibility of the cracks. A special light source is used in order to have a uniform illumination.
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Figure 6. a) Sketch of the experimental setup and b) measurement of the displacement.

The load is controlled by an extensometer, which is attached to two pins, see Fig 6b. The pins are
oriented at a distance D = 15 mm at an angel of « = 45°. The slanted orientation is done in order to
increase the sensitivity to the shear deformation. The applied moments are M; = PXg and M, = PX|,
where P is the force in the wire. Two load cells are used to measure the force in the wire, see Fig 6a. A
mean value of these is used in the evaluation. A sharp crack tip is achieved by an initial loading in
mode |.

During the experiments the amplitude of the extensometer opening is kept at a constant level, Adey, =
Omax — 0.2max, S€€ Fig 7a. The lower value, 0.2 6.x, is needed in order to avoid zero forces in the wire.
The relation between the applied energy release rate i.e. the moment and the deformation at the
extensometer, S, is evaluated during a preload. The initial load level, Jnax IS adjusted to give a load
level, AJ, below the load, AJnmax, Which gives failure for quasi static experiments of the laminate.

Crack growth will give a decreased loading (moment), see Fig. 7b. The decreased load will give a
decrease in the crack growth rate and accordingly one single experiment will cover a large span of
grow rates. When a threshold level is reached and no further crack growth is detected, it is possible to

restart the experiment by using new settings for the extensometer opening i.e. one specimen can be
used for several experiments.
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Figure 7. a) Applied displacement and b) decrease in applied load due to increased crack length.
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The experiments are performed with almost pure mode Il loading. However, a small amount of mode |
loading is also applied in order to avoid friction between the crack surfaces. Two things have an
influence on the mode mix; (1) different lengths of the lever arms (X_ = 108 mm, Xz = 105 mm) and
(2) a slightly unsymmetrical specimen due to the position of the crack.
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3. Results and conclusions

Four experiments are performed and evaluated. The cyclic loading is applied with a frequency of 1 Hz.
The maximum number of cycles used in the experiments is 1-10° cycles. For all experiments the
fatigue crack is propagating in the laminate close to the adhesive layer. Figure 8 shows the growth rate
vs. the load. The growth rate da/dN decreases with a decreasing load; at 60% of AJn.x the growth rate
is about 1-102 mm/cycle and at 15% of AJmax the growth rate is about 1-10° mm/cycle. No clear lower
threshold level has been found. The measurement at low loads are more uncertain. The crack opens
less which makes it harder to measure the correct crack length.
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Figure 8. Fatigue crack propagation in mode 1.

Figure 9 shows the one of the images used to measure the crack length. The experiments have
different crack lengths; no influence of crack length is observed. The first part of the crack, is created
by an initial loading in mode I. During this part the crack propagates in the adhesive. When the
loading is changed to mode Il (shear) the crack directly deviates in to the laminate. The crack follows
one layer in the laminate close to adhesive layer. For one experiment, the fatigue loading was changed
from mode 11 to mode I. Although the changed loading the fatigue crack continue to propagate in the
laminate. Thus, the fatigue properties of the joint is dependent on the loading history.

Mode I pre-crack
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Mode II Fatigue crack
Propagates into the laminate

Figure 9. Image of crack propagation in the specimen.
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