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1 | INTRODUCTION

Abstract

Axial and torsional fatigue tests at different stress ratios were performed on a
structural adhesive designed for wind turbine rotor blades. By employing pre-
viously optimized specimens, fatigue properties were recorded without influ-
ences of manufacturing-induced defects such as pores. The Stiissi S-N model
was an excellent fit to the data and was combined with a Haibach extension
line to account for uncertainties in the gigacycle fatigue regime. A comparison
of the results with hand-mixed specimens revealed significant and load level-
dependent differences, indicating that manufacturing safety factors should be
applied to the slope of the S-N curve. The experiments were accompanied by
stiffness degradation measurements, which enabled an analysis of Young's and
shear modulus degradation interactions. The degradation was modeled using
power law fits, which incorporated load level-dependent fitting parameters to
allow for a full description of the stiffness reduction and a prediction of the
residual fatigue life of run-out specimens.
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respective material is done in a comparable way for the
coupon specimens and the final structure.

In order to assure the structural reliability of a material
in cyclic loading conditions, experimental fatigue tests
have to be conducted. This way, the dependence of the
material properties on the load level and the cycles to
failure can be established. In most cases, this is done with
coupon specimens whose results are transferred to the
analysis of more complex structures. Hence, coupon level
fatigue tests are most representative for these structures if
the manufacturing and general processing of the

1.1 | Fatigue in bond lines of wind
turbine rotor blades

In the manufacture of wind turbine rotor blades, two aero-
dynamic half shells and multiple shear webs are joined
using structural adhesives. On account of the size of the
separate parts, the adhesive also serves as a mitigation for
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manufacturing tolerances. Therefore, the bond line geom-
etry varies along the length of the blade, with common
thickness variations between 10 and 15 mm.'

In addition to challenges in the manufacturing pro-
cess, wind turbine rotor blades are exposed to very high
fatigue loads. The rotation of the rotor imposes a varying
gravitational load, which is superimposed by a stochastic
wind load leading to complex multiaxial loads over a life-
time of at least 20 years.*®

Given the high fatigue loads of rotor blades, a reliable
characterization of the fatigue properties of the employed
materials is of utmost importance. As the reliability of
fatigue data directly impacts the applicable safety mar-
gins in the blade design, this greatly impacts the optimi-
zation potential as well. In addition, the advent of digital
twins of rotor blades requires well-known margins of the
material properties.””®

1.2 | Experimental investigations of
bond line fatigue

Although the adhesive application in rotor blade
manufacturing is done using dosing machines,” which
generally involves a vacuum-based mixing process, most
publications on the mechanical properties of rotor blade
adhesives are based on hand-mixed specimens.>” "'

Due to high porosity levels attributed to hand-mixing,
the derived material properties are diminished and are
not representative for modern rotor blade manufacture.
In a recent publication,'® the porosity level of hand-
mixed coupon specimens was compared with machine-
mixed ones utilizing pCT scans. In a comparison with a
scan of cured adhesive inside a conveyor hose of an indus-
trial dosing and dispensing machine, it was found that the
machine-mixed specimens had a comparable porosity
level, while the quality of the hand-mixed specimens was
insufficient to represent the industrial standard. In terms
of material properties, it was proven that the ultimate static
strength in tension of hand-mixed specimens was 33% less
than that of machine-mixed specimens with negligible
porosity. The plastic strain increased by a factor of 5.28, so
that hand-mixed specimens could be classified as brittle
while machine-mixed specimens were rather ductile. At
the same time, the scatter of the static material properties
drastically decreased for machine-mixed specimens in
comparison with the hand-mixed ones; for example, the
coefficient of variation of the tensile failure strength was
1.21% for the machine-mixed specimens while it was up to
12.92% for the hand-mixed ones. Since the scatter of
fatigue tests can be expected to be much larger than in
static tests, fatigue tests with hand-mixed specimens will
lead to much more conservative and unreliable data sets.

Additionally, data on the stiffness degradation are
scarce. However, since these data enable more comprehen-
sive material modeling, they are a valuable byproduct of
fatigue tests. A reliable stiffness degradation model might
also be useful to estimate the residual fatigue life of run-out
specimens. If the degradation is non-linear, the modeling of
sequence effects in the fatigue life prediction might also be
possible.

Note that the transfer of mechanical properties of
(bulk) adhesive specimen to the joint and interface scale is
not trivial due to manufacturing related effects resulting
from the application and curing process (degree of poly-
merization, exothermicity, and residual stresses)."* >
However, testing virtually defect free coupon specimens
allows for a pristine material characterization, which in
turn enables the quantification of effects of defects such as
pores with additional (lower quality) coupon specimens or
joint scale tests. This way, safety factors can be adapted to
different manufacturing techniques, for example, in rotor
blade manufacture, where pores might still occur due to
the application process of the adhesive and reinforcement
fibers within the adhesive might be aligned differently.

1.3 | Aims and outline

Since most contributions to the analysis of rotor blade
bond line fatigue were based on hand-mixed specimens,
compare Section 1.2, the scatter of the results might be
governed by manufacturing imperfections. Therefore, it
is difficult to derive fatigue properties of the material
itself. This might also render the validation of damage
prediction models impossible, especially in case of more
complex multiaxial loading scenarios.

In order to derive more reliable fatigue properties, the
optimized specimens from a previous study'” are used in
this work. These specimens allow for a fatigue characteri-
zation in both axial and torsional loads, while being vir-
tually free of imperfections such as porosities. Separate
specimens for different load scenarios are also not
required, and possible stress concentration issues with
different specimen geometries are prevented.

Section 2 summarizes the specimen manufacturing
and testing conditions. The results of uniaxial fatigue tests
and corresponding curve fits are shown in Section 3 fol-
lowed by stiffness degradation measurements in Section 4.

2 | SPECIMENS AND FATIGUE
TEST SETUP

The manufacturing of the utilized specimens and fatigue
testing conditions are briefly explained in the following.
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FIGURE 1 Test setup for every fatigue test conducted. A Pt100 sensor is used to measure the surface temperature. In case a run-out is
declared, a residual strength test is performed using strain gauge rosettes.'® Optimization processes related to the specimen geometry and
manufacturing were presented in a previous publication.'? Dimensions in mm. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Qualitative porosity comparison of the specimens used for this study. Pores are indicated in red. The specimen numbers are
given left of the respective depictions. The specimens are sorted according to the respective cycles to failure shown in Table 1. [Colour figure
can be viewed at wileyonlinelibrary.com]
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2.1 | Material system and
manufacturing

The specimens used for the experiments in this work
were made of EPIKOTE™ Resin MGS™ BPR 135G3
mixed with EPIKURE™ Curing Agent MGS™ BPH
137G."? The material is a structural adhesive and com-
monly used in the wind energy industry. It is epoxy-based
and short glass fiber-reinforced."”

The tubular and tapered geometry of the specimens,
compare Figure 1, was optimized in a parametric study
based on finite element analyses, while the manufactur-
ing employed vacuum speed mixing in combination with
3D printed mold inserts in an injection molding process.
Details concerning the manufacturing process can be
found in a dedicated paper.'

To verify the manufacturing quality regarding the
porosity and mixing homogeneity, high-resolution X-ray
microscopy (pCT scanning) was employed using a Zeiss
Xradia 410 Versa.'® The scans required for this work are
depicted in Figure 2 and show that the porosity is negligi-
ble close to the test section. It should be noted that the
scans did not allow for an analysis of the orientation of
the reinforcement fibers as the voxel size was limited to
approximately 32 pm. This will be done in a future work.
An anisotropy of the specimens was, however, confirmed
by analogy of the stiffness in axial and torsional direc-
tion."* A primarily axial orientation of the reinforcement
fibers is likely.

2.2 | Fatigue test setup

A servohydraulic Walter 4+ Bai LFV 100-T2000 was used
for the experiments, which has independent control of
axial and torsional loads."® In combination with tubular
specimens, the independency of the load application
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allows for versatile tests, which are not feasible with, for
example, arcan fixtures.

Since the measurement campaign of this work is based
on a polymer, which was proven to show viscoelastic
behavior,” in situ temperature measurements were con-
ducted with Pt100 sensors attached to the surface of the
specimens as shown in Figure 1. In order not to increase
the specimens temperature too much (approximate limit:
+5K above ambient temperature), the test frequencies
were adjusted at each load level. Simultaneously, the test
frequency adaption lowers viscoelastic effects since the
strain rate is more similar on the respective load levels
than in tests with constant test frequencies.

The stiffness degradation measurements were
inspired by Adden and Horst*' and consisted of repeated
displacement-controlled steps in axial and torsional
direction. The amount of measurement repetitions
resulted from a fixed number of cycles in between the
degradation characterization steps. It was adjusted in
such a way that the stiffness degradation could be mod-
eled with at least 50 individual measurements for each
specimen to assure a sufficient resolution of the data.
Since the respective displacements were very small and
approximately the same as in static stiffness measure-
ments, for example, corresponding to 2000 pm/m in axial
direction, these additional measurements have negligible
effect on the fatigue life. In addition, the load-
displacement curve is approximately linearly propor-
tional to the stress-strain curve at these displacement
levels. Therefore, the stiffness degradation can be approx-
imated without additional strain gauges or other mea-
surement devices, reducing the experimental effort. A
flow chart of the employed stiffness degradation mea-
surement is shown in Figure 3.

All fatigue tests were intended as load-controlled
tests. However, due to a problem with the inertia com-
pensation of the torsional load cell, torque-control was
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FIGURE 3

Flow chart of the stiffness degradation measurement in both axial and torsional direction to identify E and G modulus

degradation. Degradation measurements are implemented as displacement-controlled steps and repeated after a fixed number of cycles n.

[Colour figure can be viewed at wileyonlinelibrary.com]
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not possible at the usual fatigue testing frequencies.
Therefore, the torsional fatigue tests had to be performed
in displacement control instead. To be able to convert the
displacement-based results to stress-based results in a
postprocessing step, a very slow auxiliary cycle was
implemented after the stiffness degradation step; see
Figure 3. Since the displacement rate of this cycle
matched the one of the static tests, the torque measure-
ment for this cycle was reliable. Details of the conversion
will be discussed in Section 3.2.

3 | UNIAXIAL S-N CURVES

Fatigue data in this work were measured in both axial
and torsional directions at a stress ratio R = —1, defined
as the ratio of minimum and maximum stress:

Rzgmin - (1)

O max

To investigate the effect of a mean stress on the fatigue
life, an additional axial S-N curve was recorded at R=0.
In all cases, the stiffness degradation measurement was
included as described in Section 2.2.

3.1 | S-Nmodels

Since the inception of fatigue tests by Wohler,?” many S-
N curve descriptions have been proposed. The approach
by Basquin®® is among the most widely used models. It
predicts an exponential relationship between the stress
amplitude o, and the load cycles N and is given by

6a=aN"’. (2)

Therein, a and p are curve fitting parameters. While
the Basquin approach is popular due to its simplicity, it
also tends to be non-conservative in the low cycle fatigue
(LCF) regime and too conservative in the very high cycle
fatigue (VHCF) regime.

The non-conservatism of the Basquin approach in the
LCF regime was solved by Sendeckyj** who proposed an
asymptotic behavior of the S-N curve towards the ulti-
mate static strength R, expressed by

R
O3 = " IR (3)
(I1—a+aN)

To account for both the LCF and the VHCF issues of
the Basquin approach, different (inverse) sigmoidal-

. 7 1125
FEEMS vy 1 SR

shaped S-N curves have been proposed. One of them is
the Stiissi*> S-N formulation given by

R N’
oy = ETO (4)

7 14+aNf

where o is the fatigue limit amplitude, which is often
also referred to as the endurance limit. A more recent
approach was proposed by Kohout and Véchet,*® which
can be formulated as follows:

N B
aa:a( +“) , (5)
N+y

where y is another curve fitting parameter.

The curve fitting parameters «,f,y, and o of the S-N
approaches can be obtained via a non-linear least squares
optimization. The minimization function can utilize the
stress-based formulations or the rearranged cycle-based
formulations. As each of these minimization strategies
can lead to different curve fitting parameters, the param-
eters from the best overall curve fit or the more conserva-
tive resulting S-N curve can be chosen.

Note that in this work the ultimate static strength R,
corresponds to N =0.25 for the S-N modeling, since a
static tests can be interpreted as the first quarter of a full
cycle.

3.2 | Conversion from displacement to
load control

On account of the displacement-controlled torsional
fatigue tests, the applied torque is not constant but a col-
lective. The approximation of this collective was done via
auxiliary steps in the stiffness degradation routine, com-
pare, Figure 3. The peak values of these auxiliary cycles
matched the fatigue amplitude and allowed the construc-
tion of torque-collectives in a post-processing step; two of
those are shown on the left of Figure 4.

The mean torque-collectives of all load levels were
subsequently converted into shear stress collectives using
the relationship of torque T and shear stress ¢ measured
in the static tests.” Strain rate effects in the fatigue tests
might alter the T/z-relationship of the static tests, but
since the displacement rate of the auxiliary cycle was the
same as in the static tests, this is expected to be a valid
engineering approximation. As an increase in strain rate
usually coincides with higher peak stresses, this proce-
dure is also expected to be conservative when it is based
on the slow strain rates of static tests. However, strain
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FIGURE 4 Conversion steps from displacement (rotation angle) controlled data to a 7-S-N curve. Torque collectives are generated via
auxiliary measurements, compare Figure 3, and converted to shear stress collectives via the relationship of torque and shear stress measured
in static tests.?® The shear collectives form a vertical line in the S-N diagram, which is the basis for a damage-based optimization to find the
best-fit S-N curves. [Colour figure can be viewed at wileyonlinelibrary.com]

rate effects of the adhesive are yet to be validated in
future experiments.

The mean z-collectives were subsequently transferred
to the S-N diagram, leading to a vertical line for each
investigated load level. The linear damage accumulation
rule®” was assumed to be valid in order to fit S-N curves
to the data. Based on this assumption, an optimization
was set up, which minimized the damage difference to
the ideal value of D=1 at each load level. The best-fit
results of the S-N models according to Basquin and Stiissi
are shown on the right of Figure 4. Given that the damage-
equivalent amplitude of the first load level is approximately
the mean value of the respective z-collective seems plausi-
ble as this collective is close to being linear. Likewise, it
is reasonable that the damage-equivalent amplitude of
the second load level is within the lower third of the
respective collective, which decreases rapidly at first and
transitions into a slow linear decline.

With respect to the assumptions explained above, the
described conversion methodology is expected to be an
accurate and conservative approximation for engineering
purposes.

3.3 | Experimental results

The results of the fatigue tests are shown in Figure 5 and
Table 1. It can be observed that the Basquin S-N curve is
expectedly non-conservative in the LCF regime and too
conservative in the VHCF regime for all stress ratios and
load types. Deviations of the experimental data to the

Basquin S-N curve start from approximately 100,000 to
200,000 cycles in each case.

Both the Stiissi- and the Kohout-Véchet S-N curves
fit the experimental data very well. A deviation of these
approaches to one another is only visible in the LCF and
VHCEF regime, whereas the Stiissi approach is more con-
servative in both cases and is hence interpreted as the
best-fit. The Sendeckyj S-N curve matches the Kohout-
Véchet approach in the LCF regime and is similar to the
Basquin line afterwards.

The experimental results are also summarized in
Table 1. The test frequency was varied in order to limit
internal heating of the specimens and strain rate effects.
In most cases, the temperature increase in comparison
with the ambient temperature was below 3 K. However,
some specimens reached 4-6.65 K, which was most prob-
ably caused by friction between the Pt100 and the speci-
men due to an insufficient fixture of the sensor, as other
specimens did not heat up as much in the same testing
conditions. Slight variations of the measured tempera-
tures may have been caused by minor positioning differ-
ences of the Ptl100 on the tapered specimens.
Nevertheless, it is expected that the average temperature
increase during the experiments has a negligible effect on
the fatigue life. Minor variations of the stress amplitudes
within each load level resulted from very small cross-
sectional differences of the specimens in addition to min-
imal changes of the load amplitude on account of the
testing machine controller.

The S-N fitting parameters can be found in Table 2.
On account of the different S-N formulations, the
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FIGURE 5

n. [Colour figure can be viewed at wileyonlinelibrary.com]

parameters cannot be easily compared with each other.
The applied Haibach extension will be discussed in
4.

Section 3
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S-N curves for tension/compression, tension/tension and torsion with corresponding load level mean values and static
strength Ry,. The fatigue limit o is based on the respective Stiissi S-N curve fit. The number of failed specimens of a load level is indicated by

In total, four specimens were excluded from the S-N
fits. Specimen 042 was accidentally preloaded in tension
during clamping due to very tight tolerances of the
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TABLE 1

Load type
oR=-1

a

Summarized fatigue results for all experiments conducted.

Specimen no.
177
051
183
171
136
010
114
189
007
194
203
054
139
094
174
154
169
207
199
026
112
193
069
198
042
106
167
110
108
099
089
186
123
197
077
083
179
192
173
072
084
059
057

6, [N/mm?]

49.73
50.43
50.33
49.24
50.35
34.99
35.23
35.72
34.87
35.68
31.82
31.73
31.76
31.88
28.79
25.43
25.19
25.82
25.53
25.54
20.98
20.92
20.95
20.94
20.89
19.82
18.50
18.49
18.67
18.60

Fatigue & Fracture of
Engineering Materials & Structures

29.48
29.48
29.48
29.48
29.48
22.36
22.36
22.36
22.36
22.36
20.37
20.37
20.44

7. [N/mm?]

KUHN ET AL.
N[-] S [1/s] AT o [K] E; [%] G; [%]
1970 1.0 2.72 88.5 95.9
2164 1.0 2.79 88.1 96.1
2202 1.0 3.07 86.4 93.1
2587 1.0 4.22 85.3 93.3
2759 1.0 3.71 88.1 95.5
22531 3.0 0.58 91.2 96.9
53261 3.0 4.15 87.0 95.0
61858 3.0 1.00 85.4 93.6
120433 3.0 3.87 91.4 97.3
128148 3.0 4.07 85.5 95.5
263633 3.0 2.47 88.4 95.6
276747 3.0 2.61 91.9 96.9
390704 3.0 3.32 91.4 96.7
418412 3.0 3.32 91.1 98.0
*2760000 3.0 1.94 93.7 99.5
3568 1.0 1.06 96.9 98.4
6179 1.0 0.63 95.2 97.9
9322 1.0 0.75 95.4 97.1
10606 1.0 0.93 96.5 97.4
14937 1.0 0.40 97.7 98.2
103500 3.0 1.63 98.2 100.9
104284 3.0 1.94 96.5 97.9
122507 3.0 1.52 96.1 100.0
130186 3.0 1.71 97.4 99.7
+346500 3.0 0.89 96.2 98.0
204793 4.0 1.53 98.7 98.6
345000 4.0 - - -
585123 4.0 1.76 96.5 99.2
613208 4.0 2.00 97.5 -
689632 4.0 1.64 95.5 98.6
2536 0.5 1.28 95.7 84.3
3015 0.5 1.00 94.2 85.1
3057 0.5 3.23 93.2 81.7
3383 0.5 2.19 96.0 83.5
3697 0.5 1.95 95.8 84.0
53607 1.5 2.41 94.0 90.0
55661 1.5 3.45 93.8 86.6
76596 1.5 5.46 93.8 88.1
112000 1.5 4.36 94.7 85.8
161000 1.5 2.24 96.4 90.5
/30000 3.0 - - -
1134000 3.0 6.65 95.6 90.5
*1500000 3.0 434 97.9 87.4
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TABLE 1 (Continued)
Load type Specimen no. 6, [N/mm?] 7. [N/mm?] N[-] f[/s] AT max [K] E; [%] G: [%]
119 — 19.39 1698500 3.0 4.18 100.1 91.9
166 — 17.99 *1480000 3.0 2.96 96.5 91.9

Note: Therein, f is the test frequency, AT nx is the maximum temperature difference to the ambient temperature, and Ef and Gt correspond to the relative
stiffness degradation before failure. Run-out specimens are indicated with superscript *. Nontypical fracture surfaces are marked by a superscript /. Specimen
042, also marked with a superscript *, was accidentally preloaded during clamping. The superscript e marks a worst-case estimate due to a data recording error.

All superscripts refer to the N column.

TABLE 2 Fitting parameters of all S-N models used in this work.
Load type Model al-] A1 y[-1
o‘§:’1 Basquin 108.3051  —0.0996 —

Sendeckyj 0.0392  0.0997 —

Stiissi 0.0538  0.4022 —

Kohout-Véchet 244363 —0.0996  651,716.72
oR=0 Basquin 52.5354  —0.0793 —

Sendeckyj 0.0263  0.0789 —

Stiissi 0.0590  0.3367 -

Kohout-Véchet 37.9438  —0.0793  2,174,478.52
=1 Basquin 56.9826  —0.0819 —

Sendeckyj 0.0412  0.0819 —

Stiissi 0.0515  0.3939 -

Kohout-Véchet 22.9564 —0.0819  735,298.70

Ry, O3 ext
o [N/mm’] [N/mm®] N [-] [N/mm’] g [-]
- 78.5026 - - -
26.6030 78.5026 530,000  31.0088 ~0.0524
28.4735 - - - -
- 39.2513 . - .
14.6433 39.2513 3,860,000 16.9343 ~0.0413
16.4639 - - - -
— 43.9170 - - -
17.7151 43.9170 630,000  20.1167 —0.0427
18.8014 . . - .

Note: Ry, was determined in a previous publication.” Note that « is in N/mm? for the Basquin model and dimensionless for the others. The intersection point

of the Stiissi and Haibach line is given by (Next, Gaext)-

specimen and the clamping gear. The preload was esti-
mated to 51 N/mm?® which is above the yield point of
39.32 N/mm? and therefore led to strain hardening,*
causing the fatigue life to approximately triple compared
with the other specimens at the same load level, compare
Table 1. Specimen 059 and 084 had a significantly lower
fatigue life while also showing a fragmented fracture pat-
tern, which was very different from the usual case of a
governing 45° crack in torsion, compare Figure 6. Han-
dling errors during the manufacturing (e.g., during
demolding or grinding) are suspected to have caused pre-
cracks in these specimens. A data recording error caused
the exclusion of specimen 167. The cycle to failure of this
specimen is a worst-case estimation based on the approxi-
mate machine run time.

In four cases, the fatigue test had to be aborted, and a
run-out was declared as the total number of cycles of the
whole testing campaign was limited. All of these speci-
mens were destroyed in residual strength tests, which are

discussed in Section 4 alongside a residual fatigue life
prediction based on the stiffness degradation
measurements.

Note that the presented results may differ for other
test frequencies than the applied ones due to the visco-
elastic behavior of the adhesive® and associated strain
rate effects.

34 |
fatigue

Engineering approach to gigacycle

As (very) high-frequency fatigue testing machines, for
example, piezoelectric or rotary bending machines, made
experimental fatigue tests beyond 10’ cycles possible
from an economical point of view, the existence of a
fatigue limit ¢ was discussed by several researchers.”® !
It was found that multiple materials indeed show a
plateau of fatigue strength in between 10° and 107 cycles,
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FIGURE 6 Typical fracture patterns in the fatigue tests for all investigated load types. Specimen 084 was excluded from the analysis due

to an atypical fracture pattern, which was probably caused by precracks on account of handling errors in the manufacturing process. [Colour

figure can be viewed at wileyonlinelibrary.com]

Type B
N(Sp) < N(Ir)

Type C
N(Sp) < N(Ir)

Type D
N(Sp) > N(Ip)

N

FIGURE 7 Gigacycle fatigue types depicted in double logarithmic axes. Depending on the material, the fatigue life can be dominated by

surface-induced failure Sy, internal damage initiation Iy, or mixtures of both phenomena. Adapted from Shiozawa et al.® [Colour figure can

be viewed at wileyonlinelibrary.com]

which previously led to the declaration of a fatigue limit,
but beyond this regime, another significant decrease in
fatigue strength was observed. This behavior was charac-
terized by a duplex S-N approach, which incorporated a
S-N curve for surface-induced failure S¢ and another for
internal failure initiation I;.%® Depending on the material,
four different types can exist, which are shown in
Figure 7. Therein, the Stiissi S-N curve was chosen to
model the surface-induced failure, since it well represents
the results in this work, while the internal damage initia-
tion S-N curve is represented by a straight line (Basquin
approach). According to Shiozawa et al*® the four types
are as follows:

A. surface failure dominated fatigue life

B. surface failure up to the VHCF regime followed by a
distinct change to internal damage initiation

C. mixture of surface and internal damage initiation

D. internal failure dominated fatigue life

Although this concept was derived from experiments
with metal alloys, it is expected to be transferable to poly-
mers, as the same holds for nearly all S-N models. How-
ever, the experimental results from this work are rather
limited concerning (very) high cycle data, since there

were only five specimens in total with more than 10°
cycles. Therefore, it is not known which gigacycle type is
valid for the adhesive. Hence, the Haibach extension>? to
the VHCF regime was combined with the Stiissi S-N
curve. The Haibach extension is based on an assumed
continuation of the S-N curve in the VHCF regime with
a slope

Kext =2k — 1, (6)

where k is the slope within the high cycle fatigue
regime and the slope of the Basquin line, respectively.
Equation (6) can also be rewritten using the curve fitting
parameter S of the Basquin model resulting in

o = (%H)l. )

Using this extension in combination with the Stiissi
approach, the very good fit of the Stiissi S-N curve can be
utilized up to the high cycle fatigue regime and a rather
conservative approach is made for VHCEF. Since the tran-
sition point of the Stiissi S-N curve to the extension line
is chosen in such a way that the slope of the Stiissi S-N
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curve matches the one of the extension line, the transi-
tion is smooth and does not require a decision on where
the extension should start in terms of a stress or cycle
threshold. The derived Stiissi-Haibach S-N curves are
included in Figure 5, and the additional parameter set is
shown in Table 2.

Note that in case future experiments reveal that the
adhesive is a type B material, there is a chance that the
Haibach extension line crosses the I¢-line, which could
lead to non-conservative fatigue life predictions. How-
ever, this would most probably be the case at very small
stress amplitudes and very high cycle numbers. With the
use of proper safety factors, this risk is expected to be tol-
erable, given the alternatives of trusting the fatigue limit
theorem with limited data or using the very conservative
Basquin approach. However, further tests in the VHCF
regime are required to distinctly identify the best-fit S-N
model in a probabilistic manner, as limited data and scat-
ter at very high cycles to failure do not yet allow a final
conclusion.

35 |
points

Apparent yield strength separation

Sigmoidal-shaped S-N models such as the ones from
Stiissi*> and Kohout and Véchet®® incorporate the ulti-
mate static strength. Motivated by the very good fit of
both models to the data, a comparison of static and
fatigue data was done for different yield strengths, which
were determined in a previous publication.”® These are
the following:

1. oy, - traditional yield strength at a plastic offset
strain of 0.2% (2000 pm/m)

2. oy - derivative-based yield strength according to
Christensen®***

3. oy.01 - surrogate proportional limit at a plastic offset
strain of 0.01% (100 pm/m)

In case of the shear-based S-N curve, the respective
plastic offset strains have to be converted to the equiva-
lent stress-strain space, which was done using the experi-
mental (strain) yield locus in combination with an
elliptical scaling approach.”®

The comparison of the static stress-strain curves (true
stresses and strains) and the S-N results is shown in
Figure 8. Note that the ordinate of the axial S-N curves
in Figure 8 shows the maximum stress and not the ampli-
tude; hence, the R =0 curve is above the R= —1 curve. In
addition, the strain rate in the static tests was different
from the strain rate in the S-N tests. Thus, the compari-
son is affected by the viscoelasticity of the adhesive.
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However, due to the low temperature increase in the
experiments and the test frequency adaption on each load
level, compare Table 1, this influence was minimized as
much as possible.

It was found that oy, can be approximated as the
upper separation point of the Basquin- and Stiissi S-N
curves. While this approximation is quite accurate for the
axial S-N curves of this work, it is a rough estimation for
torsion. The surrogate proportional limit 6y is very
close to the apparent fatigue limit ¢ predicted by the
Stiissi S-N curve for both axial and torsional data at
R=—1. However, at R=0, this is not the case for the
recorded data. The derivative-based yield strength o,
might serve as a rough estimation for the lower separa-
tion point of the Basquin- and Stiissi S-N curves for axial
fatigue tests; however, this does not apply for torsion.

While these findings are not decisive enough to derive
general rules, they can still serve as useful first approxi-
mations. For instance, during the experimental determi-
nation of a S-N curve, only one load level is necessary for
a Stiissi S-N curve fit if the ultimate strength and the sur-
rogate proportional limit oy00; are used as asymptotes.
This is expected to help with specimen allocation and
planning of test machine occupancy.

3.6 | Comparison with literature

Publicly available information on the coupon level
fatigue behavior of the rotor blade adhesive investigated
in this work is limited to two publications®'® in terms of
S-N data. For a fair comparison, the specimen geometry
and stress ratio should be as similar as possible. There-
fore, Fernandez et al’ is used for a comparison, since
Sears et al'® relied on lap shear tests. To account for simi-
lar stress ratios, only the torsional fatigue data of this
work can be compared with Fernandez et al’ as both
were recorded at R=—1. The fatigue data presented in
Fernandez et al” were normalized using the measured
static shear strength. However, as the shear strength
was calculated based on the purely elastic torsional for-
mulae, it needs to be corrected, because the material
was proven to exhibit significant plasticity.*® The appar-
ent brittle behavior of the tests in Fernandez et al’® is
hence attributed to a high porosity level, whereas the
material surrounding the pores exhibited significant
plastic strains.”® Therefore, the purely plastic formulae
result in a more realistic estimation of the shear
strength. A correction factor of 7, = 0.873 - 7; was identi-
fied to account for this issue in a previous publication.*
A deduction of the correction factor and a detailed dis-
cussion on elasto-plastic shear stresses in torsion tests
can be found therein.
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FIGURE 8 Comparison of static (true) stress-strain curves with experimental fatigue results and corresponding S-N curve fits. Static
results represent the tensile and torsion test carried out in a previous publication.>® Gray horizontal bars represent different yield point
definitions including their standard deviation. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Comparison of torsional S-N results. The data set of this work is labeled z, while data from Fernandez et al° are labeled 7
and 7. The latter was altered with a correction factor, which was derived in a previous publication.*® A high porosity level in the specimens
of Fernandez et al’ is interpreted as the main reason for the reduced fatigue performance in comparison with this work. [Colour figure can
be viewed at wileyonlinelibrary.com]
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The differences between the measurements presented
in Fernandez et al’ and this work are shown in Figure 9.
The linear elastic results stated in Fernandez et al’ are
shown in gray, while the results including the mentioned
correction are shown in black. Both versions show signif-
icantly reduced fatigue properties in comparison with the
results of this work. Possible uncertainties related to the
conversion of the displacement-controlled tests to load-
controlled tests in this work, compare Section 3.2, are not
expected to affect this, as the differences between the
results are too large. In fact, neglected strain rate effects
in the conversion, compare Section 3.2, are expected to
result in a conservative estimation of this works" S-N
curve. Therefore, it can be confirmed that the porosity
level and the underlying manufacturing methods have a
very significant impact.

The differences between both measurement cam-
paigns are also load level-dependent. A constant safety
factor to account for manufacturing defects in general is
therefore not recommendable regarding the permissible
amplitude or cycles to failure. However, a safety factor
applied to the slope of the S-N curve seems to be a rea-
sonable simplification. It must be noted that different
tempering cycles and orientations of the reinforcement
fibers can also contribute to the discussed differences in
fatigue performance. Especially the orientation of the
reinforcement fibers is likely to influence fatigue life
since it can affect microscale and mesoscale crack orien-
tations.*® More detailed analyses are required to estimate
the individual contribution of the porosity level, temper-
ing, and fiber orientation in terms of material properties
and safety factors. However, the porosity level is inter-
preted as the main reason for the differences in fatigue
performance as similar load level-dependent observations
have been made for various metallic alloys with different
levels of porosity in literature.**~**

Despite the differences in fatigue performance shown
in Figure 9, the Stiissi (or Stiissi-Haibach) S-N model fits
the data very well. The same was found by Rosemeier
and Antoniou® and Rosemeier et al*® for other epoxy-
based resins/adhesives. However, as the VHCF scatter
remains unknown in the aforementioned publications, it
is still required to verify S-N models in this regime on a
statistical basis, compare Section 3.4.

4 | STIFFNESS DEGRADATION

The stiffness degradation measurements were done
alongside the fatigue tests according to Figure 3. Since
the degradation of the Young's and shear modulus was
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measured independently of the active load type (axial or
torsional), biaxial interactions could be analyzed.

41 | Cycle- and load-dependent
modeling

The relative degradation is calculated as the ratio of the
current modulus, which is a function of the cycle number
n, and the initial modulus. The moduli are assumed to be
linearly proportional to the measured load-displacement
curves. This results in

E O(?TZ’ G 0(3—;, (8)
E(n) :Eé:)-loo,é(n) :G(:)-IOO, (9)

where E is the Young's modulus, G is the shear modulus,
F and T are axial force and torque, and u and y are axial
displacement and rotation.

The degradation model is set up with the normalized
cycle count N and normalized load level L given by

~ Ga
JL=—.

N=" (10)
"N Rn

In case of the torsional S-N tests, L is defined by the
ratio between the shear stress amplitude z, and the static
shear strength, respectively.

Independent of the load type, it was found that the
adhesive shows a rapid degradation of E and G during
the first 5%-10% of fatigue life followed by a slower and
approximately linear decline afterwards; see Figure 10
(black solid lines). A good fit of the recorded degradation
is provided by a power law given by

E=100—AN", (11)

where A and B are curve fitting parameters. The same
model is also used for the G modulus degradation.

The overall degradation was found to be load level-
dependent. However, an extrapolation of the data is diffi-
cult on account of the limited data set. Therefore, a con-
servative approach is chosen. Concerning a stress-based
fatigue life analysis, a conservative approach represents
the assumption of a low stiffness degradation in VHCF.
This is because a stiffness degradation will lead to lower
stresses and hence longer fatigue life. Therefore, it is
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assumed that the stiffness degradation tends to zero at
very small load amplitudes. Note, however, that in some
engineering applications, an overestimation of the stiff-
ness degradation might be a more conservative design
approach than to neglect it. The tower clearance of wind
turbine rotor blades could be such a case depending on
the rotor blade design. Therefore, the extrapolation in

L,

L

~E=100- ANB

— 10
= olet — Ly

this work must be treated with caution, although the con-
tribution of adhesive to the overall stiffness of a structure
will most likely be small.

Given the assumption explained above, it is further
assumed that the parameters A and B are load level-
dependent and can be described by rational functions
with a polynomial degree of 1 in the numerator and a

-G =100 ANB-

~E=100- AN?

E =100 AN?

experimental standard deviation

— 2D slice of E at L —  experimental mean — 2D slice of G at Z,

< G =100- AN?

FIGURE 10 Modeling of the relative stiffness degradation in tension/compression (c8=~1), tension/tension (¢X=°) and torsion (z8=-1).
A power law is used to model the data as a function of the normalized cycles to failure N. The fitting parameters of the power law (4 and B)
were found to be rational functions of the normalized load level L. The respective functions of A(L) and B(L) are shown in inserted boxes. A
comparison of the model prediction (colored) and the experimental mean (black) is given in 2D slices at each investigated load level
(L1,L,,L3) showing good agreement. Fitting parameters are given in Table 3. [Colour figure can be viewed at wileyonlinelibrary.com]
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polynomial degree of 2 in the denominator such as the
following:

pL+p,  ,_ psl+p,

A= ) ~ 2 ~
L +q,L+q, L +q;L+q,

: (12)

where p; to p, and g, to g, are curve fitting parame-
ters. Based on this, the overall degradation functions
depend on eight curve fitting parameters in addition to
the respective ultimate static strength Rp,.

To simplify the rational function fits of A and B, load-
dependent smoothing splines were modeled in an inter-
mediate step, which connected the recorded data points
and the assumed zero degradation line at zero load. A
complete degradation curve could thus be derived for
each L, which was fitted with a power law according to
Equation (11). This way, a smooth relationship between
the power law fitting parameters A and B and the nor-
malized load level L was generated. Therefore, enough
data points were provided for the rational function fit of
A and B, which are shown in Figure 10 (2D plots with
grid) and Table 3. Given the adaptability of rational

TABLE 3
negative (1) standard deviation offset, respectively.

. 7 1135
FEEMS e vy 1 SR

function fits, the overall degradation model is very adapt-
able while the number of fitting parameters is still
manageable.

The overall fit of the model to the measured data can
be evaluated based on the 2D slices given in Figure 10.
These depict the mean (black) and standard deviation
(gray) of the experimental data in comparison with the
model (colored). A good fit is provided for each load type.
Since the experimental standard deviation is quite large,
the upper and lower standard deviations were also mod-
eled as offset-functions in the same way as the mean
values. This way, the residual fatigue life prediction of
run-out specimens, compare Section 4.3, includes the
possibility of an uncertainty analysis. The additional fit-
ting parameters are included in Table 3.

The degradation in the active load direction was
found to be the largest in each test setup. For instance, if
the adhesive is subjected to an axial R=—1 load, the E
modulus is reduced to 87.5%, while the G modulus is
reduced to 95.1% on account of the axial load. This can
be interpreted as a confirmation of the anisotropic behav-
ior of the adhesive and an oriented crack growth during
the experiments. Interestingly, the degradation at an

Fitting parameters of the mean stiffness degradation functions () with additional parameter sets for a positive (") and

A[-] B[-]
Load type  Model  p; [-] p. [-] q, [-] 9 [-] ps -] ps [-1] q; [-1] q, [-]
gff:—l \E ut 13.2392 —0.3163 —0.9134 0.9234 25.3665 —0.7556 100.0000 —1.2308
i 6.2867 —0.1225 —0.8265 0.4323 —10.3208 13.7304 —99.9999 86.7407
I’ 6.9112 —0.1613 —0.7964 0.3996 22.8418 —0.8368 100.0000 —1.2227
gff:*l | G ut 4.6684 —0.4116 —1.0753 0.9467 —11.1194 18.1751 —100.0000 84.7842
" 1.6602 —0.0210 —1.0089 0.4498 0.0003 0.0309 —1.3263 0.5048
w 2.5925 0.1159 —0.9686 0.5137 41.9786 6.6405 —26.8563 100.0000
55:0 |E ut 1.3670 —0.0586 —0.7755 0.3844 0.8300 —0.0236 1.5492 —0.0756
Y 3.5008 —0.0492 —0.6917 0.6369 23.4480 24.6517 33.6168 100.0000
e 71944  —0.0094 —0.7435 1.0786 28.1620 0.3035 100.0000 6.1375
g§:0 | G y* 0.2683 —0.0908 —1.4663 0.5899 0.0517 —0.0124 —0.7269 0.1330
" 1.9030 —0.0193 —2.5075 1.7758 0.2650 0.0017 0.0496 0.0035
e 100.0000 27864  —309189  43.1881 0.1571 0.0019 —0.1192 0.0445
r§:*1 |E /,l+ 0.9033 —0.0849 —1.1623 0.4670 —0.0721 0.0093 —0.8627 0.0705
7 0.7141 0.0132 —1.0914 0.3829 0.0769 0.0380 —1.9315 1.0528
Ho 1.5705 —0.0010 —0.9956 0.3895 36.0028 6.5741 1.8603 100.0000
152*1 |G ut 7.8089 —0.4494 —1.5464 0.9363 —0.0390 0.0329 —1.4448 0.5381
U 7.3408 —0.2099 —1.1399 0.6338 —0.0137 0.0225 —1.3975 0.5308
no 7.0820 —0.1529 —0.9809 0.4960 20.2098 7.2870 —23.9835 100.0000

Note: To avoid replication errors, all digits should be used.
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active torsional R= —1 load approximately mirrors the
degradation with an active axial load at the same stress
ratio, resulting in a G modulus reduction to 85.1% and a
E modulus reduction to 95.0% based on the active
torsional load.

In comparison, the degradation at an active axial R =
0 load is the smallest. Since this load type also has the
smallest load amplitudes, it is concluded that the load
amplitude is governing the stiffness degradation and not
the maximum load resulting from the combination of
mean load and amplitude. Hence, a mean load reduces
the fatigue life of the adhesive but does not increase stiff-
ness degradation.

As the stiffness degradation is non-linear in each case,
these measurements might serve as a basis to include
sequence effects in the fatigue life prediction. The valida-
tion of a possibly non-linear damage accumulation can,
however, not be done with this work's uniaxial fatigue
tests. Upcoming biaxial fatigue tests will provide more
possibilities in this regard.

Further experiments are required to validate the stiff-
ness degradation model in the VHCF regime. Strain rate-
related differences of the respective load levels were min-
imized by an adaption of the test frequency in the S-N
tests, compare Section 2.2.

4.2 |
tests

Comparison with residual strength

In case a run-out was declared, a residual strength test
(RST) was performed. Strain gauge rosettes, identical to
the ones used in the previously carried out static tests,
were applied to most of the run-out specimens for these
tests. Hence, the employed force- and displacement-based
stiffness degradation measurement could be validated by
comparison of the accumulated degradation of the
fatigue test and the stiffness measurement of the RST.
The degradation identified by these methods was found
to be different by approximately E — Egsr~0.5% and
G- GRST ~2%. In all cases, the stiffness degradation mea-
sured in the RSTs was smaller than the last measurement
in the fatigue test. Therefore, these deviations are expected
to be influenced by viscoelastic recovery effects of the
adhesive,” because the specimen instrumentation and
preparation for the RSTs took time. This would also
explain the larger difference in torsion, since the viscoelas-
tic recovery was found to be faster in this case.*® Indepen-
dent of viscoelastic effects, the results of the employed
fatigue stiffness degradation measurement method are
close to the instrumented RSTs, confirming the validity of
the method. An influence of testing machine compliance
was not identified and therefore neglected.

In addition, the residual strength tests were compared
with regular static tests. In Figure 11, a comparison
between the static tensile test from a previous publica-
tion’>*° and the RST of run-out specimen 174 is shown
at the top. This specimen withstood 2.76-10° cycles at a
fully reversed axial load of 28.79 N/mm?, and yet the ulti-
mate strength is about 4.0% higher than the average of
the static tensile test. At the same time, the Young's mod-
ulus decreased by 5.8%. Given the very low scatter of the
static tests and the well-controlled manufacturing process
in general,'” the strength difference is more likely to be
phenomenological than coincidence. While the stiffness
degradation is attributed to cyclic matrix softening, the
increase in strength is linked to strain hardening. Inter-
estingly, the post-fatigue strain hardening was more sig-
nificant than in the regular static tests. A potential
reorientation of the polymer chains or the reinforcement
fibers could contribute to this effect, although this is also
expected to happen in the static tests. However, due to
the matrix softening in fatigue, the reorientation could
have been more significant than in the regular static
tests. A more general interpretation is that accumulated
(small scale) damage during fatigue alleviates stress

g [L} o B = 5736.96

mm? mi’#
0.94
s B =5401.88 I
80 . —
60
40 Y —— Static tensile test
, - - - e-failure range (static test)
20 o-standard dev. (static test)
—— Residual strength test (S. 174)
pm
0 e 5]
0 10000 20000 30000
_N_
7 ] G = 1596.56
-0.90
G = 1431.85 N,

......

—— Static torsion test

- - - e-failure range (static test)
T-standard dev. (static test)

—— Residual strength test (S. 057)

pm

1 — v [4]

6-10* 3-10°

0 3-10*

FIGURE 11
174 (tested in tension/compression loading at R = —1) and run-out

Residual strength test for run-out specimen

specimen 057 (tested in torsional loading at R = —1). Static test data
were taken from previous publications.'*** [Colour figure can be
viewed at wileyonlinelibrary.com|
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E %] £ - TABLE 4 Stiffness degradation-based fatigue life estimation of
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l N — prediction horizon R — Scaled Exp. Data
: —— Run-Out £ Specimen no. Nmin [—] Nave [—] Nmax [—]
174 4,036,622 17,420,943 34,629,862
Ero " 057 = - —
166 1,480,000 8,462,946 21,467,943
90 -
— : | NI
IS < Nave: ~( ) . (13)
Nave
FIGURE 12 Stiffness degradation-based fatigue life estimation

of run-out specimen 174 using the E model and it's standard
deviation. Intersections of the last measured degradation E,, with
the E model lead to a predicted fatigue life horizon. [Colour figure
can be viewed at wileyonlinelibrary.com]

concentrations,”" which in turn may allow for a higher
ultimate strength in a post-fatigue test.

Figure 11 also shows the RST of specimen 057, which
was tested in fully reversed torsion up to 1.5-10° cycles.
In this case, the ultimate strength difference is insignifi-
cant at about 1%, while the stiffness degraded by approxi-
mately 10%. The torsional RST appears as a delayed
version of the regular static test, and a potential (addi-
tional) reorientation effect concerning the ultimate
strength was not significant.

Further experimental validation of the fiber reorienta-
tion hypothesis is necessary.

4.3 | Run-out fatigue life estimation

Based on the load level and the accumulated stiffness
degradation of the run-out specimens, a residual fatigue
life estimation is possible. Given the limited data, their
standard deviation, and the assumptions used to model
the stiffness degradation, these predictions have to be
understood as rough estimations.

The residual life estimation is schematically shown in
Figure 12 for specimen 174. The degradation functions
are evaluated at the respective load level of the run-out
specimen. Subsequently, the intersection points of the
model with the last recorded degradation value (Eyo) are
calculated. In case the measurement was noisy, a direct
power law fit of the experimental data can also be used to
extract a smoothed E,, value. Note that the first inter-
section point N min corresponds to the maximum of the
fatigue life prediction N p.x, because the potential mini-
mum of used cycles implies a maximum of residual cycles
to failure. The absolute cycles to failure can be found as
the inverse of the intersection points multiplied by the
run-out cycles of the specimen, for example,

When this is done for all intersection points, a predic-
tion horizon can be calculated, compare Figure 12. The
resulting fatigue life horizons for all run-out specimens
are shown in Figure 5 and Table 4. In case of specimen
057, no intersection point was found, as the degradation
of this specimen was even below the lower standard devi-
ation of the model. Therefore, the fatigue life prediction
was not applicable for this specimen. However, in case of
specimen 174 and 166, the predicted life span is in good
agreement with the Stiissi-Haibach S-N curve with
respect to the expected standard deviation of S-N tests. It
is emphasized that the stiffness degradation model is
independent of the S-N fits. Therefore, the agreement of
the fatigue life prediction horizons with the, for example,
Stiissi-Haibach S-N curve can be interpreted as indica-
tions of their validity.

A qualitative verification of the prediction is provided
by a comparison of the stiffness degradation model and
the scaled experimental time series. In Figure 12, this is
shown based on the mean intersection point of the stiff-
ness degradation model, so that the run-out cycles *(N)
of this specimen were scaled to Nave. A reasonable agree-
ment between the scaled experimental results and the
model was found. The mean intersection point was there-
fore highlighted by a vertical black line in the fatigue life
prediction horizon as the most probable result, compare
Figures 12 and 5.

Theoretically, this approach can be applied to both
the E and G modulus degradation measurement to gain a
broader picture of the uncertainties. However, in this
work, the stiffness degradation-based fatigue life estima-
tion is solely done using the measurement from the
active load component, as these data were in better agree-
ment with the respective models and the overall degrada-
tion was more significant.

5 | CONCLUSION

Axial and torsional fatigue tests were carried out for a
structural rotor blade adhesive at different stress ratios.
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The specimens utilized for the experiments were opti-
mized in a previous study in such a way that
manufacturing-induced defects are minimized. This
resulted in significantly improved fatigue properties in
comparison to hand-mixed specimens with high porosity.
This highlights the significance of the manufacturing
process in terms of the reliability of the material proper-
ties, as low-quality specimens will lead to (very) conser-
vative estimates and potentially wrong conclusions
concerning the material modeling.

The Stiissi S-N approach was found to be an excellent fit
of the data for all investigated stress ratios and load types.
On account of recent gigacycle fatigue studies and the lack of
data for the adhesive in this regime, a conservative engineer-
ing approximation was derived including a smooth transi-
tion of the Stiissi S-N curve to the Haibach extension line.

Based on the good fit of the sigmoidal-shaped Stiissi
S-N curve and the very significant and load level-
dependent differences of the results to hand-mixed speci-
mens, a constant safety factor for manufacturing-induced
defects in terms of permissible amplitude or cycles to fail-
ure does not seem recommendable. Instead, a safety fac-
tor related to the slope of the S-N curve was identified as
a more appropriate option.

A comparison of the static (true) stress-strain curves
and the S-N data indicated that a surrogate proportional
limit at a plastic offset strain of 100 pm/m may serve as a
first approximation of the fatigue limit prediction by the
Stiissi S-N line. While this fatigue limit is not trustworthy
for gigacycle fatigue applications without sufficient exper-
imental data, this approximation can still be useful for
the allocation of specimens and testing equipment in the
high cycle fatigue regime.

The experiments were accompanied by stiffness deg-
radation measurements. It was found that the degrada-
tion of the stiffness moduli is load level-dependent and in
between 5% and 15%. A smooth function fit of the data
was generated employing a power law fit with load level-
dependent fitting parameters. The model was applied to
predict the residual fatigue life of run-out specimens. In
addition, the driving factor for stiffness degradation was
identified to be the stress amplitude, as a mean stress did
not accelerate the degradation process.
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