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Abstract

It is well known that standardised tension-tension fatigue test specimens of unidirectional (UD) glass-
fibre-reinforced plastics (GFRP) laminates tend to fail at end tabs. The true fatigue life is then
underestimated. The first objective of this study was to find for UD GFRP laminates a test specimen that
fails in the gauge section. The second objective was to compare fatigue performance of two laminates,
one having a newly developed UD powder-bound fabric as a reinforcement and the other having a quasi-
UD stitched non-crimp fabric as a reinforcement. In the first phase, a rectangular specimen in accordance
with the 1SO 527-5 standard and two slightly different dog-bone shaped specimens were evaluated by
means of finite element modelling. Subsequent comparative fatigue tests were performed for the
laminates with the three specimen types. The results showed that the test specimen type has a significant
effect on the failure mode and measured fatigue life of the laminates. A significantly higher fatigue life
was measured for the laminate with the powder-bound fabric reinforcement when compared to the

laminate with the stitched reinforcement.
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1 Introduction

Unidirectional (UD) Non-Crimp Fabrics (NCFs) are nowadays widely used as a reinforcement,
especially in the spar caps of wind turbine rotor blades [1]. NCFs are fabricated from UD fibre bundles by
joining them together with stitch threads. Stitching parameters particularly affect the formability,
permeability [2] and compressibility of the fabric [3]. The advantage of NCFs over conventional woven
fabrics is a reduced through-thickness crimp, which leads to enhanced mechanical properties [4].
However, stitching also results in a slight fibre waviness [5] that weakens the fatigue properties of
laminates. A corresponding non-stitched UD fabric with good handling properties and excellent

permeability to resin has recently been developed especially for the manufacture of spar cap laminates of
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wind turbine blades, automotive parts, and boats [6]. This fabric has been formed by joining fibre bundles
together with a thermoplastic binder. Single monofilament threads aligned to specified directions are
added to the fabric to successfully open a set of infusion pathways in the manufacture of composite parts
with a vacuum infusion method. This type of reinforcement provides superior fibre alignment when

compared to the stitched NCFs.

Investigating the uni-axial fatigue performance of UD glass-fibre-reinforced plastics (GFRP) laminates
is a burdensome and time-consuming process. Nevertheless, fatigue properties of the laminates need to be
known, since they are often subjected to uni-axial cyclic loads. Spars caps of wind turbine blades, for
instance, are designed to have a service life of 20-25 years, which practically means more than 108 load
cycles [1], [7], [8], [9], [10]. Thus, long-term durability, that is, preventing fatigue failure, is one of the

most important issues within the design process of the wind turbine blades.

It is widely known that tab failure occurs quite regularly when testing uni-axial tension-tension fatigue
performance of UD GFRP laminates with rectangular test specimens [11], [12], [13], [14]. The fatigue
life is then underestimated for the laminates, and the effect of different UD fabric architectures, for
example the effect of NCF stitching parameters may not be found. The specimens should break in the
gauge section to obtain the true fatigue performance of the laminates. Failure in the grip area shows that
the stresses in the tabs and gripping areas are more detrimental and lead to earlier failure for the test

specimens than the uni-axial stresses of the laminate in the gauge section do.

It has been reported [14] that using a waist-shaped (dog-bone) test specimen gives improved fatigue
life results especially for UD laminates. The aim of using dog-bone geometry is to reduce the risk of
failures in the tabs and gripping areas, i.e., to promote failure in the gauge section. However, the dog-
bone specimens may split in the longitudinal direction from the edges of the curved area due to low shear
resistance of the UD laminates, causing premature failure of the specimen. If the gradual curvature of the
specimen is high, the risk of longitudinal splitting along the fibres increases at the edges. Thus, there is a
need to find a test specimen geometry with high splitting resistance to obtain the true or at least close to

true fatigue life for UD and quasi-UD laminates.

The dog-bone test specimens have often been used in uni-axial tensile fatigue testing of various GFRP
laminates. Mandell and Samborsky [15] used dog-bone specimens in their early studies, observing that

the failure mode depends on the relative amount of 0° fibres. A large amount of fatigue test data for



various UD laminates has been collected for the wind turbine industry in the European OPTIMAT project
[16], in which a dog-bone specimen and many different rectangular specimens have been used. However,
no mention of any correctly failed specimens can be found in the OPTIMAT database [16]. Qian [17]
used a dog-bone geometry with tapered end tabs in fatigue tests of UD laminates. Unfortunately, the
specimens usually failed at the end tabs. Aono et al. [18] used a high curvature, double-notched specimen
(notched in both thickness and width direction) to investigate damage development in UD laminates.
However, they have not reported how the specimens failed. Zangenberg [14] used a dog-bone specimen,
almost similar to the one used in this study, and a rectangular specimen (1SO 527-4) to test fatigue
performance of UD laminates by subjecting the specimens only to one stress level. Both the dog-bone and
rectangular specimens failed outside the gauge section. However, the dog-bone specimen provided a

slightly higher fatigue life.

The first objective of this study was to find a suitable dog-bone specimen configuration for UD and
quasi-UD GFRP laminates so that the specimens would fail in the gauge section in uni-axial tension-
tension fatigue tests. The second objective was to measure the tension-tension fatigue performance and to
identify failure modes for two laminates, one having a newly developed UD powder-bound fabric as a
reinforcement and the other having a quasi-UD stitched non-crimp fabric as a reinforcement. Finite
element analysis was used to evaluate the stress state in a rectangular test specimen in accordance with
the 1SO 527-5 standard and in two slightly different dog-bone shaped test specimens. Test laminates and
specimens were then manufactured and fatigue tested. Digital photography and thermal imaging were
used during the tests to detect damages in the gauge section for all the specimens. In addition,
longitudinal strain was recorded for some dog-bone specimens to reveal possible stiffness degradation in
the gauge section. The tests were performed partly in Aalto University, Finland (later laboratory I) and

partly in Technical University of Denmark (later laboratory I1).

2 Materials and methods

2.1 Test laminate manufacture

The glass-fibre reinforcements used in the study were a newly developed UD powder-bound fabric
(later powder-bound fabric) and a quasi-UD stitched NCF (later stitched fabric) supplied by Ahlstrom
Glassfibre Oy. The fabrics were produced from the same batch of the OCV SE1500 Advantex® glass-

fibre roving. The nominal diameter of the glass fibres was 17 um. The detailed glass-fibre properties can
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be found in ref. [19]. The powder-bound fabric has a total areal weight of 1181 g/m?. The stitched fabric

was manufactured using a tricot stitch pattern and normal stitch tension. The total areal weight of the

stitched fabric was 1200 g/m2. The general properties of the fabrics are shown in Table 1 and Table 2.

EPIKOTE RIMR135 epoxy resin and RIMH137 hardener supplied by Momentive were used as a resin

system to produce the test laminates.

Table 1. Details of the UD powder-bound fabric used in the study.

Construction Axial fibres Binder Filament
Material type E-glass Thermoplastic ~ Synthetic
Orientation [°] 0 - -
Areal weight [g/m?] 1152 25 4
Linear yarn density [tex] 2400 - -

Table 2. Details of the quasi-UD stitched non-crimp fabric used in the study.

Construction Axial fibres Backing fibres  Stitching thread
Material type E-glass E-glass Polyester
Orientation [°] 0 90 -

Areal weight [g/m?] 1152 36 12

Linear yarn density [tex] 2400 68 7.6

The laminate panels were produced by vacuum infusion between two heated glass plates (30 °C). The
vacuum pressure was 0.93 bar, and the infusion was conducted perpendicular to the 0° fibres. A stacking
sequence of [0°], was used both for the powder-bound and stitched fabric reinforced laminate panels. To
reduce voids, the resin/hardener mix was degassed for 10-15 min in a degassing chamber to evacuate
dissolved gases from the mix prior to infusion. When the infusion was complete, the vacuum pressure
was decreased to 0.3 bar for at least 24 hours. The panels were then post-cured in an oven at 80 °C for 10
hours as proposed by the resin manufacturer. Five panels reinforced with the powder-bound fabric and

two panels reinforced with the stitched fabric were manufactured for the study.
2.2 Laminate characterisation
2.2.1 Fibre weight fractions and fibre volume fractions

Fibre weight fraction was determined for the test laminates with the resin burn-off technique (ignition
loss). The samples of approximately 2 g were burned in an oven by increasing the temperature slowly to
700 °C. The samples were taken from the laminate panels next to the ends of the fatigue test specimens at
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the same location where the gauge sections of the specimens were located relative to the transverse
direction of 0° fibres. The width of the samples was equal to the width of the test specimens in the gauge
section (15 mm). A total of 49 samples were measured for the powder-bound fabric reinforced laminates
and 12 samples for the stitched fabric reinforced laminates. Fibre and resin densities of 2.62 g/cm® and

1.15 g/ cmd, respectively, were used for calculating the fibre volume fractions.
2.2.2 Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis was performed to determine the degree of cure of the post-cured
laminate panels, that is, to ensure that each panel was properly cured [21]. The glass transition
temperatures, T4, from the loss modulus peak were measured by using a Perkin Elmer Pyris Diamond
apparatus. A minimum of one test sample with dimensions of approximately 4 x 40 mm? was taken from
each panel. Testing was conducted in a single cantilever mode at a frequency of 1 Hz and with the

temperature ramp rate of 3°C/min from 25 °C to 200 °C.
2.3 Test specimens
2.3.1 Geometry

A well-known and frequently used rectangular test specimen according to the ISO 527-5:2009 standard
[20] was used as a reference specimen in the study. The standard recommends that the tabs should have a
length of over or equal to 50 mm, the angle of the end tab edge should be 90°, and the jaws should
overhang the end tab area. Also, the end tab material should preferably be made of cross-ply glass-
reinforced laminate, with the fibres at + 45° to the specimen axis. Fig. 1a presents the dimensions of the

rectangular specimen with = 45° GFRP end tabs used in this study.

As a relatively high stress concentration exists at the end tab area of the rectangular test specimen, due
to the shape of the specimen and specimen clamping, a waisted (dog-bone) specimen geometry was
applied as an alternative to decrease the stress concentration. A long specimen with a low curvature was
used to keep shear stresses low at the edges of the specimen, i.e., to prevent longitudinal splitting of the
laminate at the specimen edges. Long tapered end tabs were further used to obtain a low stress

concentration factor at the end tab area and to reduce the risk of end tab delamination.

Two slightly different dog-bone shaped test specimens, A and B, were used in the study. Specimen A

(Fig. 1b.) is based on previous investigations [14], in which the dog-bone specimen has been found to



yield higher fatigue lives than the rectangular specimen. When compared to specimen A, specimen B was
developed to lower shear stresses at the specimen edges and to reduce the risk of delamination between
the tabs and the laminate. Several FE-analyses and fatigue tests were carried-out with different curvature,
spacing of the end tabs and taper angle of specimens to decide on the final values for the geometry
parameters. Specimen B (Fig. 1c) differs in geometry from specimen A in terms of lower curvature,
longer tab tapering and shorter spacing of the end tabs. The length of the gauge section was 60 mm and

the width of the gauge section was 15 mm in both specimens.
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Figure 1. Dimensions of a) 1ISO 527-5:2009, b) dog-bone A and c¢) dog-bone B test specimens.



2.3.2 Manufacture

The cross-ply glass-reinforced laminate for the end tabs of the rectangular and dog-bone B specimens
was fabricated by vacuum infusion at 0.5 bar vacuum pressure. The cross-ply laminate was formed from
nine Hexforce 1202 uniform twill weave layers (290 g/m?) with a stacking sequence of [0, 90, 0, 90, 0]so.
Araldite/Aradur 5052 epoxy resin system was used as a matrix material. The laminate was cured at room
temperature for 24 hours and later 15 hours at 50 °C. Prior to the bonding of end tabs, the end tab and test
laminate surfaces to be bonded were grit-blasted with aluminium oxide and cleaned with MEK (methyl
ethyl ketone) to improve adhesion and to minimise the risk of delamination between the tab and test
laminate during fatigue testing. The tabs with the fibres at = 45° to the specimen axis were bonded using
structural epoxy adhesive (3M, DP190). A thin nylon scrim cloth layer was used in the bond line to
control the adhesive thickness. The specimens were put in a vacuum bag and 0.8 bar vacuum pressure
was applied for 24 hours. Later, the specimens were post-cured at 45 °C for 2 days. The rectangular
specimens were obtained by cutting the laminates with a diamond-blade-equipped cutting machine and
the specific shape of the dog-bone specimens was CNC machined. Tab tapers were ground next to the
gauge section area of the dog-bone B specimens by using a belt grinding machine. Laminate-end tab
junctions were manually smoothed with sandpaper. Finally, the edges of the specimens were sanded and

polished with P240, P400, P800, P1200 and P2000 grit-sized sandpapers to achieve smooth surfaces.

The cross-ply glass-reinforced epoxy laminates for the end tabs of the dog-bone A specimens were 2
mm thick, prefabricated laminates (Electro-1sola, G-Etronax EP11). They were machined to the required
tapering angle (Fig. 1b). The tab laminates consisted of ten + 45 aligned E-glass fabrics with plain weave
(230 g/m?) and of high glass-transition temperature epoxy resin (~165 °C). The UD laminate was cut to
the required length (410 mm). After cutting, the tab sections of the UD laminate were blasted with glass
particles in order to open the surfaces for optimal adhesion. The end tab laminates were cleaned with
ethanol and bonded to the test laminates by using a two-component epoxy adhesive (3M, DP460). The
end tabs with fibres at + 45° to the UD laminate 0° axis were fixed and pressurised with clamps to the test
laminate and cured for 16-24 hours at 40 °C. The specimens were cut to the desired geometry by using a

CNC cutting machine. The edges of the specimens were smoothed similarly to the dog-bone B specimens.



2.4 Finite element (FE) analyses of test specimens

The specimens were modelled by using the Solid Edge software. The parts were then imported to the
software ABAQUS™/Standard v6.14-1 for a finite element (FE) analysis. Half of the specimens were
modelled to reduce the calculation time. Simplified models were used so that the effect of the gripping
pressure and the adhesive layer in between the end tabs and the laminate were ignored. The thickness of
the UD laminate was set to 1.5 mm, representing a laminate manufactured of two UD fabrics. The
interaction between the laminate and the end tabs was modelled by using a tie constraint with surface-to-
surface discretization. Fig. 2a illustrates the model for the rectangular specimen and Fig. 2b for the two

dog-bone specimens.

The specimen models were meshed with a mesh size of approximately 1 mm, using C3D20R quadratic
brick elements with reduced integration. For the rectangular specimen, where higher stress concentrations
were expected, the element size was reduced to 0.5 mm close to the tab edges. The longitudinal
displacement was set to zero (u;=0) on plane A and transverse displacements were set to zero (u;=0 and
us=0) on planes B (see Fig. 2). A tensile stress of 600 MPa was applied on plane C, since most of the
subsequent fatigue tests were performed at or near this stress level. The absolute value of this stress is,
however, not important, since the simulation was linear-elastic and the width of the gauge section was the
same in all specimens. The elastic properties of the specimens were defined by giving engineering
constants for the laminate (quasi-UD laminate manufactured from NCFs) and end tabs as an input. Table
3 provides the material data used for the laminate and for the + 45° aligned woven-fabric epoxy end tab
laminate. Longitudinal (c11), transverse (c22) and shear (o12) stress distributions were compared in order
to evaluate the effect of specimen geometry on the stress field. The stress concentration factor SCF = max

o11/0applied WaS also computed and compared between the specimens.
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Figure 2. Coordinate systems, boundary conditions and element meshes used in the half model of
the a) rectangular specimen and b) dog-bone specimens.

Table 3. Laminate engineering constants used in finite element analyses.

Type of E11 E22 E33 v12 v13 v23 Gl12 G113 G23
laminate [GPa] [GPa] [GPa] [-] [-] [-] [GPa] [GPa] [GPa]
UD laminate [22] 44 17 16.7 0.262 0.264 035 349 377 3.46
End tab [24] 13.89 13.89 10 0.544 0.178 0.178 1246 4 4

25 Quasi-static tests

Quasi-static uni-axial tensile tests were performed for all the specimens to determine the initial tensile
modulus prior to fatigue tests. The thickness and width of the gauge section were measured at three points
and the average values were used to calculate the cross-sectional area. The test was stopped when a
predefined stress level was achieved in the gauge section of the specimen. The load rate of 7 kN/min was
used for all specimens. At laboratory I, the tests were performed on a servo-hydraulic Dartec testing
machine with hydraulic wedge grips, a load cell of 100 kN, and an MTS controller. The strain was
measured continuously with an MTS extensometer with a 50 mm gauge length. The tensile modulus of
each specimen was calculated from the slope of the strain-stress curve between the points of 0.001 and

0.003 m/m.

Part of the dog-bone A and B specimens were tested at laboratory Il. These tests were carried out as
certified tests according to DANAK accreditation 210 and performed on 88R8501 test machine with a

load cell of 100 kN. The specimens were clamped with hydraulic grips. Strain was measured by using two
9



back-to-back mounted extensometers with a gauge length of 50 mm. The initial tensile modulus was

measured and calculated according to 1SO 527-5 between the points of 0.0005 and 0.0025 m/m.

2.6 Fatigue tests

Fatigue tests were performed with the same equipment as the quasi-static tests. A constant load
amplitude, sinusoidal wave-form uni-axial tension-tension fatigue test with the stress ratio R=0.1 was
performed on each specimen after the quasi-static test. Each fatigue test was performed in the load control
mode directly at the load level (stress) applied for the modulus determination (Section 2.5) and was
stopped after complete failure of the specimen. The test frequency of 4 Hz was mainly used to avoid
excessive heating of the specimens. The ISO 13003:2003(E) standard states that the test frequency shall
be chosen to avoid an excessive temperature rise in the specimen surface up to 10 °C during the tests [25].
At laboratory, |1 strain was measured throughout the full fatigue tests using the same back-to-back

mounted extensometers as used in the quasi-static tests.

2.7 Damage characterisation

2.7.1 Stiffness degradation

Resulting from progressive damage accumulation, composite materials normally undergo stiffness
degradation during fatigue tests [26], [27]. Therefore, the longitudinal strain was monitored continuously
during the fatigue tests for specimens tested at laboratory I1. The stiffness in the gauge section was
calculated for each fatigue cycle as the slope of the full hysteresis loop, i.e., the stiffness was defined as
the ratio of the laminate fatigue stress and strain range. Also, the distance between upper and lower grips
was monitored during the fatigue tests. The overall stiffness between the grips was calculated as the ratio

of the applied load and displacement range from the displacement-load hysteresis loop.

2.7.2 Digital photography and thermal imaging

The gauge section of each specimen was photographed during the quasi-static and fatigue tests at
laboratory | to monitor the initiation and development of cracks. Due to the very smooth surfaces of the
laminates and the very transparent nature of the matrix and glass fibres, the gauge sections of the
specimens were extraordinarily transparent. Thus, matrix cracks, fibre breakages and voids could be

observed. Individual glass fibres could not be seen, while stitch threads in the stitched fabric reinforced
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laminates and monofilaments in the powder-bound fabric reinforced laminates remained visible. Digital

images were taken using a Canon SX30 IS digital camera.

The specimens were also investigated during the fatigue tests by means of thermal imaging to monitor
heat development in the specimens’ gauge section. The thermal images were taken with a Fluke Ti32

infrared thermal imaging camera.

Digital and thermal images were taken for pristine specimens, after the quasi-static tests, and also
during the fatigue tests after 1000, 5000 and 10000 cycles and later usually after intervals of 10 000

cycles.
2.8 Statistical analyses of fatigue test results

Fatigue data was analysed by plotting S-N curves on a conventional linear-logarithmic graph (Wdéhler
diagram). The relationship between the applied peak stress and the number of cycles to failure was used

with the power-law regression model equation (Basquin 1910) to analyse the fatigue data:

N=cC-sm 1)

In Eq. (1), Sis the maximum applied stress, Cis the intercept parameter, /Vis the measured fatigue life
and m is the slope of the S-N curve. Eq. (1) yields a linear S-N curve on a log-log graph. The least-squares
method was used to obtain values of the parameters Cand m according to the ASTM E 739 standard
using the number of cycles as a dependent variable and the stress as an independent variable [28]. The
coefficient of determination R? was defined for each data set to indicate how well the S-N curve fits the

regression model.

To statistically analyse the significance of the difference in fatigue lives measured with different types
of specimens, a specified regression with fatigue life data analysis was performed with the aid of the
program MINITAB [29]. The logarithms of the fatigue lives were assumed to be normally distributed,
that is, the fatigue life was assumed to be log-normally distributed. The probability that there is no
difference in the fatigue life between two specimens being compared is indicated as the p-value. A 95 %
confidence level (o= 0.05) was used to compare the difference between specimens; that is, if p is smaller

than 0.05, the specimen geometry significantly affects the fatigue life.
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3 Results

3.1 Finite element analyses

The results of the FE analyses are shown in Fig. 3, Fig. 4 and Fig. 5 in the form of the longitudinal,
transverse and shear stress distributions. To visualize the UD laminate, the upper end tab is not shown in
the figures 3-5 and the lower end tab is displayed in white. Stress concentration factor SCF for the

longitudinal stress component along each specimen from the specimen end is presented in Fig. 6.
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Figure 3. a) Longitudinal, b) transverse and c) shear stress distributions in the rectangular
specimen. Upper end tab is ignored in the figures and the lower end tab is displayed in
white.
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Figure 4. a) Longitudinal, b) transverse and c) shear stress distributions in the dog-bone A
specimen. Upper end tab is ignored in the figures and the lower end tab is displayed in
white.
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Figure 5.
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Figure 6. Stress concentration factor along the rectangular and dog-bone specimens from the end of

The stress distributions of the rectangular specimen (Fig. 3 a-c) indicate that laminate stresses are

highest at the end of the tabs. From the longitudinal stress results in Fig. 3a and Fig. 6, a stress

concentration factor SCF of 1.32 was found at the end of the tabs. For the dog-bone A specimen, the

stress distributions are shown in Fig. 4 a-c. The stress concentration factor SCF of 1.02 was found at the

point where curvature begins outside the tabbed area (see also Fig. 6). The highest shear stress of 24.9

MPa is located at the edges next to the tab-laminate intersection. For the dog-bone B specimen, the stress

distributions are presented in Fig. 5 a-c. The stress concentration factor SCF of 1.02 was found at the

point where curvature begins outside the tabbed area (see also Fig. 6). The highest shear stress of 21.6

MPa is located at the edges of the UD laminate under the end tabs. Additionally, the area of high shear

stress is seen to be smaller than in the dog-bone A specimen. The transverse stress distributions of the

dog-bone specimens A and B are similar to each other.
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To summarise the results, the computed SCFs are substantially lower for the dog-bone specimens
when compared to the rectangular specimen. The results also indicate that small changes in the dog-bone
geometry have a clear effect on the maximum shear stress value at the edges of the specimen and on the
area with high shear stress. From the two dog-bone specimens, the specimen B provided a smoother stress

field.
3.2 Fibre volume fraction

The fibre volume fractions (FVF) obtained with the resin burn-off technique for the powder-bound and
stitched fabric reinforced laminates were 52.9 + 2.2 % and 55.5 + 1.3 %, respectively (average + standard
deviation). The stitched fabric thus provided a slightly higher fibre volume fraction. The standard

deviations were relatively small for both types of laminates.
3.3 Glass transition temperatures

The average glass transition temperatures, Ty, measured from the loss modulus peak, were 86.1 +
1.8 °C and 85.5 + 0.4 °C for the powder-bound and stitched fabric reinforced laminates, respectively. The
average T4 values were thus similar for the laminates and the standard deviations were low. These results

indicate that the laminate panels had an equal degree of cure (presumably = 100 %).
34 Tensile moduli

The measured average tensile modulus values and standard deviations for each type of specimen are
shown in Table 4. The average values are seen to be very close to each other, implying that the specimen

types used in the study do not have an effect on the measured tensile modulus.

Table 4. Measured tensile moduli for all specimens.

Powder-bound fabric Stitched fabric
Type of Mean tensile  Standard Number of Mean tensile  Standard Number of
specimen modulus deviation specimens modulus deviation  specimens
[GPa] [GPa] [GPa] [GPa]
Rectangular 44.26 1.62 11 44.39 0.91 10
Dog-bone A 43.64 2.02 14 - - -
Dog-bone B 44.60 1.32 19 43.78 1.12 9

Average modulus values and standard deviations of the moduli were further computed for the powder-
bound and stitched fabric reinforced laminates by combining the data measured from all specimen types.

The modulus values were 44.21 + 1.66 GPa and 44.10 + 1.03 GPa for the powder-bound and stitched
14



fabric reinforced laminates, respectively. Due to the small difference in measured fibre volume fractions
between the laminates, linear normalisation of the moduli was done to the fibre volume fraction of 55 %.
The normalised tensile moduli of the powder-bound and stitched fabric reinforced laminates were 46.27 +
1.73 GPa and 43.73 + 1.02 GPa, respectively. The results indicate that after removing the effect of fibre
volume fraction by normalisation, the tensile modulus is 5.8 % higher for the powder-bound fabric
reinforced laminate. A one-way ANOVA analysis for one factor with two levels was performed to
statistically compare the difference of the average normalised tensile moduli. The probability that there is
no difference between the two laminates being compared is indicated as the p-value. A 95 % confidence
level (a.=0.05) was used, meaning that if p < 0.05, there is a significant difference in the modulus. A p-
value less than 0.001 was obtained, meaning that the difference is statistically significant. This indicates
that there is another mechanism than just fibre volume fraction, probably the absence of the stitching
thread and backing yarn, resulting in only a negligible fibre undulation in the powder-bound fabric

reinforced laminates, which influences the stiffness of the laminates.
35 Failure modes in fatigue loading
3.5.1 Powder-bound fabric reinforced laminates

Each rectangular specimen made from the powder-bound fabric reinforced laminate failed in a
catastrophic brittle manner at the end tabs. Significant temperature increase was observed at the end of the
tabs during the fatigue loading. No significant observable damages, i.e., matrix cracks, delamination or
fibre breakages and associated heat development, were found in the gauge section. An example of the

failed rectangular specimen is shown in Fig. 7a.

For the dog-bone A specimens, very small matrix cracks initiated without considerable heat
development in the gauge section. However, longitudinal splitting occurred at the edges and subsequent
delamination between the laminate and end tab propagated towards the grips, increasing also temperature
at the tabbed area and causing finally failure at the end tabs. Fig. 7b presents a typical end tab failure of

the dog-bone A specimen.

Some dog-bone B specimens failed similarly to the dog-bone A specimens but several dog-bone B
specimens seemed to fail in the gauge section, although some of them experienced also splitting and
delamination at the tabbed area with minor heat increase. An example of the dog-bone B specimen that

failed in the gauge section is shown in Fig. 7c. In the dog-bone B specimens that failed in the gauge
15



section, small matrix cracks or fibre/matrix debonds were observed in the gauge section during the test. In
addition, some severe damages such as matrix cracks, fibre debonding and fibre breakages, developed in
the gauge section usually at the points where single monofilaments were located. These severe damages
propagated towards the end tabs, which usually caused the final failure. Damage development in the
gauge section of the dog-bone B specimen during the fatigue test is shown in Fig. 8. The white spots
represent severe damages that propagated and caused the final failure of the specimen. Fig. 9a illustrates

that heat also developed at these spots during the fatigue test, verifying damage accumulation.

To summarise, all rectangular and the dog-bone A specimens and some dog-bone B specimens made
from the powder-bound fabric reinforced laminate failed at the end tabs. However, some dog-bone B

specimens experienced detrimental damages in the gauge section, which resulted in the final failure of the

specimens in the gauge section.

Figure 7. Example of a failed a) rectangular, b) dog-bone A and c) dog-bone B test specimens for
the UD powder-bound fabric reinforced laminate at the end of the tensile fatigue test.
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Figure 8. Typical damage initiation and development in the UD powder-bound fabric reinforced
laminate during the tensile fatigue test of the dog-bone B specimen.
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Figure 9. Heat development in a) the UD powder-bound fabric and b) the stitched fabric reinforced

laminate during the tensile fatigue test of the dog-bone B specimen.

3.5.2 Stitched fabric reinforced laminates

The stitched fabric reinforced laminates were fatigue-tested using only the rectangular and dog-bone B

specimens. All rectangular specimens failed close to the end tab area. Photographing and thermal imaging
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revealed that transverse cracks in the backing fibre bundles and a few small axial matrix cracks or
fibre/matrix debonds in the fibre bundles developed in the gauge section before the final failure. A failed

rectangular specimen is shown in Fig. 10a.

The dog-bone B specimens experienced damages such as transverse matrix cracks, fibre debonding
and fibre breakages in the gauge section. Finally, the specimens seemed to fail frequently in the gauge
section. An example of a failed dog-bone B specimen is shown in Fig. 10b. Fig. 11 shows typical
transverse matrix cracks at the backing bundles and several white spots, in which longitudinal matrix
cracks or fibre/matrix debonds in the axial bundles have initiated and developed, also causing axial fibre
breakages during the fatigue test. Fig. 9b shows the extensive heat development at the same white spots

where the damages occurred in the gauge section.

To summarise, all rectangular specimens made from the stitched fabric reinforced laminate failed at
the end tabs. In the dog-bone B specimens damages initiated and propagated in the gauge section,

resulting in the final failure in the gauge section.

Figure 10.Failed a) rectangular specimen and b) dog-bone B specimen made from the stitched
fabric reinforced laminate after the tensile fatigue test.
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Figure 11. Typical damage initiation and development in the stitched fabric reinforced laminate

during the tensile fatigue test of the dog-bone B specimen.
3.6 Measured fatigue lives

3.6.1 Powder-bound fabric reinforced laminates

Fatigue tests of the powder-bound fabric reinforced laminate were performed with all specimen types.

For the dog-bone A and B specimens, fatigue tests were performed in two laboratories (I and I1). S-N

curves for both dog-bone specimens tested at relatively high stress levels in laboratory | are presented in

Fig. 12a. Fatigue data measured in laboratory 11 at lower stress levels is shown in Fig. 12b.

Statistical analyses were performed separately for both dog-bone specimens tested at the two

laboratories to test the equality of two regressions using ‘Testing for Equality of Several Regressions*

according to the Military Handbook MIL-HDBK-5H [30]. In the linear case, if F-statistics is greater than

the quantiles of the 95th percentile of the F-distribution, the hypothesis that the regressions are equal is

rejected. Calculations yielded F-statistics = 0.70 and Fgs = 3.68 for the dog-bone B specimen and F-

statistics = 1.53 and Fes = 4.10 for the dog-bone A specimen. The results thus indicate that regressions are

equal for the dog-bone A and B specimens. Therefore, the test results obtained in both places can be

combined into one regression for both specimens.
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Figure 12. S-N curves of the UD powder-bound fabric reinforced laminate measured with dog-bone

A and dog-bone B test specimens, tested a) in laboratory | and b) in laboratory I1.

The combined S-N fatigue data measured for the powder-bound fabric reinforced laminate with all
specimen types are presented in Fig. 13a. The results show a relatively small scatter (R? values) for the
rectangular and dog-bone A specimens but a slightly higher scatter for the dog-bone B specimens. The
combined S-N fatigue curves with 95 % confidence bands in accordance with the ASTM E 739 standard
are shown in Fig. 13b. The results of the specified regression analysis indicated that the fatigue lives of
the rectangular and dog-bone A specimens are significantly different (p < 0.001). Similarly, the fatigue
lives of the dog-bone A and B specimens are significantly different (p < 0.001). The S-N curves and
corresponding confidence bands indicate that the specimen geometry has a significant influence on the
measured fatigue performance. The fatigue life measured with the dog-bone B specimen was over nine-
fold when compared to the fatigue life measured with the rectangular test specimen and over three-fold
when compared to the fatigue life measured with the dog-bone A test specimen, when the specimens were
subjected to 600 MPa maximum stress. On the other hand, the stress levels corresponding to a fatigue life
of 10° cycles were 529 MPa, 589 MPa and 666 MPa for the rectangular, dog-bone A and dog-bone B

specimens, respectively.
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Figure 13. S-N curves a) without and b) with corresponding 95 % confidence bands for the UD
powder-bound fabric reinforced laminate, measured with the rectangular and dog-bone test
specimens and tested with the stress ratio R=0.1.

3.6.2 Stitched fabric reinforced laminates

S-N fatigue data of the stitched fabric reinforced laminates, measured with the rectangular and dog-
bone B specimens, are shown in Fig. 14. The results again show small R? values for the rectangular
specimen data and a slightly higher scatter for the dog-bone B specimens. The specified regression
analysis indicated that the fatigue lives of both specimens are significantly different (p < 0.001). The
stress level corresponding to a fatigue life of 10* cycles was 604 MPa for the rectangular specimen and

656 MPa for the dog-bone B specimen.
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Figure 14. S-N curves for the stitched fabric reinforced laminate, measured with the rectangular and

dog-bone B test specimens and tested with the stress ratio R=0.1.

3.6.3 Powder-bound versus stitched fabric reinforced laminates

The fatigue data compiled for the powder-bound and stitched fabric reinforced laminates tested using
the dog-bone B specimens is shown in Fig. 15. The results reveal that a 17 % lower slope of the fitted S-N
curve and over ten-fold fatigue life were measured for the powder-bound fabric reinforced laminate.
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Figure 15.Comparison of the fatigue data for UD powder-bound fabric and quasi-UD stitched NCF-
reinforced laminates, measured using the dog-bone B specimens, tested with the stress
ratio R=0.1.

3.7 Stiffness degradation
Normalised stiffness degradation curves of the powder-bound fabric reinforced laminates measured in
laboratory 11 during the fatigue tests of the dog-bone A and B specimens are shown in Fig. 16a and b,
respectively. The dashed curves in Fig. 16a reveal that stiffness degradation did not occur in the gauge
section of the dog-bone A specimens. The solid curves indicate that stiffness degraded, however, between
the upper and lower grips, meaning that damages occurred outside the gauge section, i.e., in the tabbed

area. The fall of some dashed curves in Fig. 16b indicates that some dog-bone B specimens experienced
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stiffness degradation in the gauge section, while the overall stiffness (solid curves) remained almost at the

constant level till the final failure.
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Figure 16.Normalised stiffness degradation curves of a) dog-bone A and b) dog-bone B specimens
during the fatigue tests for the UD powder-bound fabric reinforced laminate. Dashed lines
denote the average normalised stiffness degradation in the gauge section, and solid lines
imply normalised stiffness degradation of the entire specimen measured between the lower

and upper grips.

4 Discussion

41

Effect of specimen type on fatigue behaviour

The fatigue test results of this study showed that specimen type has a significant effect on the

measured fatigue life (cycles) of UD and quasi-UD GFRP laminates. Each standard rectangular specimen

failed in a catastrophic brittle manner at the tabs. This failure mode is common when testing UD GFRP

laminates [11], [12], [13], [14]. The premature failure of these specimens was due to high local stress

state. The computed stress concentration factor (SCF) for the longitudinal stress component was high and

similar to that provided in current literature. De Baere [31] reported an SCF of 1.28 under the tabs of the

rectangular specimen for carbon reinforced laminates — agreeing with the SCF of 1.32 that we computed

for the rectangular specimen.
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The fatigue life of the powder-bound fabric reinforced laminate measured with the dog-bone A
specimen was significantly higher than the fatigue life measured with the rectangular specimen, although
the dog-bone specimens also failed frequently in the tab area, meaning that fatigue life measured with this
specimen type is still conservative. The failure observations of the dog-bone A specimens were supported
by the findings of the stiffness degradation measurements: there was no stiffness degradation in the gauge

section but outside of that section there was.

The highest fatigue life for the powder-bound fabric reinforced laminate was measured with the dog-
bone B specimen. The fatigue life was significantly higher than that measured with the dog-bone A
specimen, meaning that the measured life is much closer to the true life of the laminate, although some
dog-bone B specimens also failed under the tabs. The highest stress concentration factor SCF of 1.02 is
located next to the gauge section based on the FE-analysis as shown in Fig. 6. However, many of the
specimens experienced damages in the gauge section, also leading to the specimen failure in the gauge
section. Damage initiation points in the gauge section apparently contained some kind of defect(s), e.g.,
local fibre undulation or misalignment, or local manufacturing defects. As a consequence, these points
were the weakest spots in terms of fatigue and lead to progressive damage accumulation in the gauge
section (Fig. 8). The damages, associated heat development and stiffness degradation observed in the
gauge section support the hypothesis that the final failure occurred in the gauge section for some dog-

bone B specimens.

For the stitched fabric reinforced laminate, all dog-bone B specimens experienced damages in the
gauge section and seemed to fail in the gauge section. In consequence, the fatigue life measured with the
dog-bone B specimen was significantly higher than the fatigue life measured with the rectangular
specimen. In the stitched fabric reinforced laminate, backing bundles, stitch threads and fibre undulation
due to stitching and backing bundles result in weak spots which act as damage initiators. These damages
have time to initiate and develop prior to the detrimental damages occurred in the tabbed area. The fatigue
test results are supported by the investigation in ref. [14], in which a waisted test specimen yielded a
slightly higher fatigue life than the rectangular specimen for a quasi-UD laminate reinforced by stitched
NCF. However, in that study the specimens were subjected only to one stress level and they seldom failed

in the gauge section.
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When comparing results obtained with the dog-bone A and B specimens, it seems that relatively small
changes in the specimen geometry, i.e., lower curvature, longer end tab taper and shorter spacing of end
tabs reduce shear stresses and the area with high shear stress, thus restraining longitudinal splitting and
delamination between the laminate and tabs. These small changes in the dog-bone B specimen geometry
delayed the damages at the tabbed area, resulting in higher fatigue lives. Therefore, damages had also
time to initiate and grow in the gauge section of some dog-bone B specimens. The results of the FE-
analysis indicated that the SCF and the transverse stresses are almost similar for both dog-bone
specimens. Thus, the observed differences in the failure development and fatigue performance between
the dog-bone specimens can be explained at least partly by the difference in shear stresses occurring at the
specimen edges. Different end tab laminate constituents, adhesives used for end tab bonding and

manufacturing procedures of the specimens obviously also contribute to the specimen performance.

4.2 Effect of reinforcement type on fatigue performance

The measured fatigue life of the powder-bound fabric reinforced laminate was significantly higher than
the life of the stitched fabric reinforced laminate. A lower slope of the fitted S-N curve was also found for
the laminate reinforced with powder-bound fabrics when compared to its stitched counterpart. One
obvious reason for the better fatigue performance provided by the powder-bound fabric is the improved
fibre alignment resulting from an absence of backing fibres and stitching. Stitching and backing bundles
have been found to cause fibre undulation [5], which weakens fatigue performance [1]. The fatigue test
results of this study are supported by the investigations in ref. [15], in which the influence of the stitching
thread was studied. The researchers found that removing the stitching from the UD fabrics before infusion
improved fatigue life and lowered the slope of the fitted S-N curve. In ref. [22], researchers studied the
influence of the presence of backing bundles in quasi-UD NCFs. They observed that fatigue lives
improved significantly for polyester laminates, but only slightly for epoxy laminates without backing
bundles. The minor improvement obtained with epoxy laminates may be due to the rectangular specimens
used in the study. Zangenberg et al. in ref [23] showed that the backing bundles of UD laminates act as

damage initiators and may be the reason for a lower life time.

4.3 Interpretation of the fatigue life

The standard interpretation of materials’ fatigue performance is the graph of S-N curves, where the

stress is given as the nominal stress emerging in the test specimen gauge section. An interesting
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comparison between the test specimens of this study can be done by plotting the fatigue lives per highest
stress peak (i.e., the stresses in the gauge section in Fig. 13a are multiplied by the peak SCF shown in Fig.
6). Then, the fatigue performances of the laminates are similar for the rectangular and dog-bone B

specimens but much lower for the dog-bone A specimen (see Fig. 17).
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Figure 17. Scaled S-N curves by stress concentration factors SCF for rectangular and dog-bone
specimens.
Although the comparison might sound justified per specimen type, it has the following major

complications:

=  Fatigue testing and S-N curves per nominal stress emerging in the test specimen gauge section
are a highly established custom — a change in the custom would make any cross-comparison
between material data difficult.

= Here, the fatigue lives under pure tensile loading were considered. The point of peak stress

concentration, especially for the rectangular specimen, is a more complex load state.

The determination of a proper ‘peak’ stress concentration would depend on the selected (stress)
criterion (e.g., Hashin—Rotem [32] due to anisotropy) and its calculation method. Moreover, the selected
criterion should be applicable for the length scale of defects which in reality initiate the fatigue damage.
Therefore, a test specimen with a stress concentration near or at the gauge section, and the stress
concentration peak emerging close to the targeted load state, should give the most valid results in
practical testing. In this respect, the dog-bone B specimen surpasses the other two specimens of this

study.
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5 Conclusions

The aim of this study was to define a suitable specimen configuration for uni-axial tension-tension
fatigue testing of UD GFRP laminates. The aim was also to compare the tensile fatigue behaviour of
glass-fibre/epoxy laminates reinforced with a newly developed UD powder-bound fabric and with a
quasi-UD stitched non-crimped fabric. Three different specimens, a rectangular specimen in accordance
with the 1SO 527-5 standard and two dog-bone shaped specimens were first evaluated by means of FE
analyses. Subsequent tensile fatigue tests were performed to compare the fatigue performance of the
specimens. The fatigue performance was clearly dependent on the specimen geometry. The study
revealed that the rectangular specimen yields significantly lower fatigue lives when compared to the
fatigue lives measured with the dog-bone specimens. In addition, the dog-bone B specimen with longer
end tab taper, lower curvature, shorter distance of end tabs and different tabbing yielded significantly

higher fatigue lives than the dog-bone A specimen.

The final failure of the rectangular specimen occurred at the end tabs with both types of laminates,
meaning that the fatigue performance of the laminates is underestimated. Also, when testing the UD
powder-bound fabric reinforced laminate, all dog-bone A and some dog-bone B specimens experienced
longitudinal splitting at the edges and delamination of the laminate and end tab joint, which resulted in
the final failure at the end tab area. However, many dog-bone B specimens experienced damages in the
gauge section and seemed to fail in the gauge section. Also, for the laminate reinforced with the stitched
fabric, all dog-bone B specimens seemed to fail in the gauge section. According to the FE analysis results,
the peak shear stress is higher and the area with high shear stress is larger in the dog-bone A specimen
when compared to the dog-bone B specimen. There were also differences in end tab materials, adhesives
and manufacturing procedures of the specimens. Thus, the combination of lower shear stresses, different
end tab materials, adhesives and manufacturing procedures of the dog-bone B specimens delayed the

damages in the tabbed area resulting in higher fatigue lives for the dog-bone B specimens.

With regard to the fatigue performance comparison of the laminates reinforced with the UD powder-
bound fabrics and quasi-UD stitched NCFs, the fatigue life of the former was measured to be over ten
times greater when the dog-bone B specimen was used. In addition, a lower slope of the fitted S-N curve

was found for the benefit of the powder-bound fabric reinforced laminate.
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