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Summary

Fibre reinforced polymer composites are used in an increasing amount of aircraft structures
for weight optimisation. For safety and certification purposes, the fatigue behaviour of these
structures have to be predicted. However, most of the current models are phenomenological
in nature and lack the relation to the actual physical behaviour and damage growth of com-
posites during fatigue. Recent studies have shown that there is a possible relation between
damage growth and energy dissipation, as the amount of energy dissipated during a cycle is
related to the damage mechanisms caused by crack extension.

The purpose of this MSc thesis is to investigate the relation between energy dissipation and
damage mechanisms in order to develop an analytical method for predicting fatigue life based
on the physical behaviour of composites during fatigue.

First, an overview was provided of background information related to damage mechanisms,
the current state of the art fatigue life assessment and fatigue life prediction, and energy
dissipation. Typical damage mechanisms found in quasi-isotropic open-hole coupons dur-
ing tension-tension fatigue were matrix cracks in the 90° plies, followed by matrix cracking
in the 45° and -45° plies starting from the centre of the hole. Lastly, fibre splitting in the
direction of the loading occurs in the 0° plies.

There are no standardised tests for fatigue life assessment for open-hole tension-tension fa-
tigue, however the geometry for tensile static tests could be used for fatigue tests.

For fatigue life prediction most models are phenomenological in nature either based on frac-
ture mechanics, stiffness degradation or finite element modelling.

Energy dissipates in three different forms: mechanical energy, heat and acoustic energy. The
mechanical energy dissipated can be determined by calculating the area within the hystere-
sis loops of the load-displacement curves. The heat can be minimised by testing at lower
frequencies and the acoustic energy can be measured using acoustic emission.

Open-hole coupons with four different lay-ups, unidirectional (0°), crossply (0°/90°), angle-
ply (45°/-45°) and quasi-isotropic (0°/90°/45°/-45°), were manufactured using hand lay-up
with Hexply 8552 prepreg tape and cured according to the manufacturer’s specifications in
an autoclave.

The coupons were tested for tension-tension fatigue using a MTS 100 kN fatigue test bench
at a frequency of 5 Hz and a stress ratio of 0.1. The load cycles during the tests had con-
stant amplitude and were load controlled. The coupons were clamped at both ends and two
acoustic emission sensors were clamped to the coupons away from the open hole. During
the tests load and displacement data was measured by the test bench during an entire load
cycle each 100th cycle. After each 100th load cycle pictures were taken by two cameras for
digital image correlation.

The digital image correlation was used to measure the damage growth during the tests. As
the coupons were not tested fully until failure, the number of cycles to failure was based
on a damage threshold. The crack growth caused by fibre splitting in the O°plies showed
similar behaviour in the unidirectional and crossply coupons, but not in the quasi-isotropic
coupons as matrix cracking in the 90°, 45° and -45° plies occurred first. The growth of the
matrix crack in the 90° plies could not be recorded, as these cracks reached the edge of the
coupon within 100 cycles. In order to improve the measurement of matrix crack growth, the
frequency at which pictures are taken during the first 100 cycles could be increased.

Then, the load and displacement data from the test bench were used to calculate the cyclic
work and energy dissipated using the area underneath the load-displacement curves. The



dissipated energy per cycle was compared with the crack growth, however there does not
appear to be a correlation between the two. The cyclic work seems to be related to the dam-
age mechanisms, as the behaviour of the cyclic work differs per lay-up suggesting a relation
between displacement and crack growth. Therefore, the relation between displacement and
crack length was investigated. This relation was then used to calculate the strain energy
release rate, which was compared with the crack growth rate and cyclic work per cycle.

Lastly, the acoustic emission data was used to calculate the cumulative acoustic energy
and number of acoustic hits and compared with the crack growth. To see if acoustic features
for different damage mechanisms could be identified, the registered rise time, duration and
amplitude were plotted and divided based on the loads at which these hits were registered.

In the unidirectional, crossply and quasi-isotropic coupons the cyclic work first have a steep
increase, after which the slope decreased. For unidirectional and crossply coupons the slope
continued to decrease until an apparent asymptote was reached, while the cyclic work for
quasi-isotropic coupons continues to increase over the number of cycles after the change in
slope. The cyclic work for the angleply coupons continued to increase with increasing num-
ber of cycles without a decrease in slope. Therefore, the continued increase in cyclic work
found in the quasi-isotropic can be related to the continued increase found in the angleply
coupons, while the steep increase at the start can be due to 0° plies in the quasi-isotropic
coupons.

The distribution of dissipated energy over time suggests there is no relation between the
damage mechanisms and growth found with digital image correlation and the amount of
energy dissipated during a cycle. However, there appeared to be a linear relation between
total amount of dissipated energy and number of cycles until failure. The cumulative acous-
tic energy and number of hits appeared to be related to the crack growth, as the cracks
approached the acoustic emission sensors. After investigating the acoustic features it was
found that most of the damage growth occurred for loads between 75% and 100% of the
maximum load. Damage mechanisms in unidirectional coupons were found to have low rise
time, high amplitude and medium to high duration. In crossply coupons the damage mech-
anisms could be characterised by medium rise time. high amplitude and medium to high
duration. In angleply coupons the damage mechanisms were characterised by high ampli-
tude, medium to high duration and low to high rise time. These characteristics could not
initially be identified in the quasi-isotropic coupons, most likely due to the large amount
of data overlapping. In order to improve relating the acoustic emission features to damage
mechanisms, pattern recognition software can be used to analyse the features. The features
can also be divided based on time of occurrence instead of loads so it can be compared to
measured crack growth.
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Introduction

The use of composites in aircraft structures is increasing in order to reduce
the mass of aircraft. Therefore, models to predict fatigue life have been de-
veloped, but most of these models are phenomenological and lack physical
meaning. They are unable to fully describe the fracture modes involved dur-
ing fatigue and are incapable of fully predicting the damage growth.Therefore,
airworthiness authorities require that the structures have slow to no growth of
damage during their lifetime for an aircraft to be certified. This leads to struc-
tures being overdesigned in order to prevent damage growth. Recent studies
of fatigue in metals [7, 12, 24, 27, 28], delamination growth in composites
[1, 3] and disbonds at adhesive interfaces [36] have indicated that there may
be a relation between fatigue and energy dissipation. The amount of energy
dissipated is related to the damage mechanisms in the material during crack
extension [3], so energy dissipation can be used to relate fatigue life to the
damage mechanisms in composites.

The main objective of the thesis is to find a relation between damage mecha-
nisms and fatigue life in order to develop an analytical method for predicting
fatigue life using physical behaviour of the composites. In order to reach this
objective first a literature study was performed, followed by fatigue tests. The
data collected during the fatigue tests were then analysed, to investigate the
relation between the damage mechanisms found and the cyclic work, strain
energy release rate, dissipated energy and acoustic emission.

In chapter 2 a summary is given of the literature study performed for the
thesis, providing background information for the tests and data analysis. In
chapter 3 a description is given of the production of the test specimens, the
fatigue test set-up and the approach to the data analysis performed. Then, in
chapter 4 the results from the data analysis are presented and discussed us-
ing background information from chapter 2, other literature found during the
analysis and observations during the fatigue tests. Lastly, in chapter 5 the
conclusions during the thesis are summarised and a list of recommendations
is given.



Background

2.1. Damage Mechanisms

There is a difference in how damage evolves between quasi-static loading and
cyclic loading. This is due to the difference in rate and level at which the
loading is applied.

With quasi-static loading the damage starts to develop after the first fibre
breaks, which depends on the defect size distribution in the fibres. The dam-
age mechanisms are crack propagation in the matrix, matrix yielding and
de-bonding at the fibre-matrix interface. The damage mechanism that oc-
curs after the fibre breakage depends on the material properties of the fibres,
matrix and the fibre-matrix interface [40].

With cyclic loading the damage mechanisms depend on the applied stress
levels. When the applied stress is higher than the tensile strength of the uni-
directional (UD) ply, the damage mechanisms are similar to quasi-static load-
ing. For a high stress level where the applied stress is higher than the tensile
strength of the weakest fibre but lower than the overall composite strength,
fibres will break randomly during the first load cycle. In the following load
cycles the damage at the fibre breaks will evolve into debond cracks at the
interface. The debond cracks can also evolve into transverse matrix cracks.
For medium stress levels between the weakest fibre strength and the fatigue
limit, matrix cracking occurs as a damage mechanism. When the stress level
is below the fatigue limit, the fatigue life may be infinite when the defects are
too small to propagate or the arresting mechanisms are high enough to pre-
vent propagation [40].

The difference in damage mechanisms causes the difference in energy dissi-
pation per area between quasi-static and cyclic loading [1].

Damage accumulates in three different stages. In the first stage during the
first few cycles damage increases rapidly, due to the different damage modes
present. In the second stage damage increases slowly and during the last
stage at the end of fatigue life damage increases rapidly again due to fibre
fracture [26]. Damage accumulation can be characterized using damage pa-
rameter D. D can be determined by the remaining stiffness or applied cycles,

2



2.1. Damage Mechanisms 3

and has a range from O to 1. A composite is undamaged when D = 0 and has
failed when D = 1. This parameter is used for residual strength and cohesive
zone models.

Pipes et al [38] discovered that a crack at a notch propagates in the loading
direction and that material properties are changed locally around the hole.
The hole also caused a strain concentration factor at the hole edge with a
large strain gradient.

In a quasi-isotropic glass fibre reinforced polymer (GFRP) damage initiates
first in the 90° plies with matrix cracking at the hole boundary. This is fol-
lowed by matrix cracking of the £45° plies. Then splitting occurs in the 0° plies
and local delaminations at the interfaces between the 45° and 90° plies. Fi-
nal failure will consist of fibre fracture and fibre pull-out. The fracture path
of the failed fibres in the 0° plies was found to be on the centre-line of the hole
[8].

Broughton et al[8] also noted that the damage zone of the notched quasi-
isotropic GFRP developed similarly to the quasi-isotropic carbon fibre rein-
forced polymer (CFRP) described by Green et al [21].

Green et al [21] described that there are two different types of regions of de-
laminations, as shown in figure 2.1. The inner delamination regions are at
the hole boundary and are enclosed by 45° and -45° matrix cracks from the
centreline. The outer delamination region starts after the 45° and -45° matrix
cracks crossed each other and continues to the edges of the specimen. The
delamination regions are split up by 90° matrix cracks. The size of the local
delaminations in these regions has a similar magnitude as the ply thickness.

45° matrix
-45° matrix crack
crack .
¢ 90" matrix
crack
0" split
lines

Inner delamination

regions Outer delamination

regions

Figure 2.1: Damage zones in a notched quasi-isotropic composite. Retrieved from [21]

The damage develops in four different stages. The first stage of damage will be
the isolated damage mechanisms described before. During the second stage
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the isolated damages will join together into extensive damage in the inner de-
lamination regions. Then during the third stage the damage propagates from
the hole edge to the specimen’s edge through the outer delamination regions.
At the last stage matrix cracking and delaminations occur away from the hole
[21].

Therefore, in order to characterize each damage mechanism separately, the
damage mechanisms have to remain isolated during the fatigue test. The 0°
split lines can be characterised by testing coupons with a 0° lay-up, while
the 90° matrix cracks can be characterised by testing coupons with a 0 °/90°
lay-up. By testing coupons with a #45° lay-up the matrix cracks and delami-
nations in the 45° and -45° plies can be characterised. During these tests the
interaction between the delaminations in the £#45° plies and the 90° matrix
cracks will however not be present. This has to be taken into account when
comparing the individual results with a quasi-isotropic coupon.
Delaminations can be seen in a load-displacement diagram as a drop in load.
The amount of load drops depends on hole size and give an indication on how
the delamination propagates [21]. The dominant failure mechanism also de-
pends on hole size, as the hole size increases the failure mechanism changes
from delamination to fibre pull-out to brittle failure. When the failure mecha-
nism is fibre pull-out the fracture surface is rough, while the fracture surface
of brittle failure is smooth [21].

2.2. Fatigue Life Assessment and Prediction

2.2.1. Tests

The standardized tests for fibre-reinforced polymers (FRP) for different delam-
ination modes under quasi-static loading can be found in table 2.1. These
standard tests can be used to determine the fracture toughness or inter-
laminar delamination resistance for unidirectional (UD) composite plies [10].
These tests allow for reproducible results that can be used in models for pre-
dicting fatigue life.

Table 2.1: Available Standard tests for fibre-reinforced polymers under quasi-static loading for
different delamination modes

Delamination mode | Test

Mode | ASTM D5528
JIS K7086
ISO 15024

Mode |l JIS K7086

Mode I/ll ASTM D6671

For FRP under cyclic loading there is currently only a standard test method
for mode I tension-tension delamination onset (ASTM D6115), but standard
tests for other delamination modes are currently under development [11].
There are no specified standards for testing open-hole specimens in fatigue,
however the test geometry and loading specified by ASTM D5766 [4], which is
used for open-hole tensile strength testing, can be used for open-hole tension-
tension fatigue testing [8].

Non-destructive testing techniques that can be used for monitoring damage
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development during fatigue are: acoustic emission, ultrasonic testing, opti-
cal and scanning electronic microscopy, pulse thermography and X-ray com-
puted thermography. Optical and scanning electronic microscopy are how-
ever limited to monitoring damage development on the surface, but can be
used to characterise the fracture surfaces after failure. For pulse thermogra-
phy the depth of penetration is limited by the amount of heat that the sys-
tem can emit [8]. X-ray computed thermography is capable of 3D mapping
the damage developed in the laminate, but requires radioactive material [33].
Acoustic emission is capable of identifying micro-cracking and the wave forms
can be used to distinguish between damage mechanisms [3]. Ultrasonic test-
ing is capable of mapping crack propagation, but only after pausing the test.
Visual detection using cameras such as Digital Image Correlation can be used
to monitor the crack length [3, 36], however as Amaral et al [3] noted the en-
tire crack will not be visible on the surface so an effective crack length should
be used.

2.2.2. Models

For predicting fatigue life in composites there are models based on different
concepts: fracture mechanics, cohesive zone modelling and residual strength.
For notches, specifically, the theory of critical distances can also be applied.

Fracture mechanics

Fracture mechanics is used to characterize fracture toughness or delamina-
tion resistance under applied loads, stresses or deformations. Delamination
propagation is described using the strain energy release rate (SERR). The
SERR is determined analytically, with finite element analysis or with exper-
imental data [35]. For quasi-static loading there are standard test methods
for modes I, II and fixed ratio mixed mode I/II [10]. The delamination rate is
then determined as a function of the SERR with the Paris relation as given by

da_
dN

where the constants C and m have to determined by curve fitting experimen-
tal data, which means that these constants are phenomenological and lack
physical meaning. There is still discussion about what similitude parame-
ter should be used for this equation. [35] The lack of physical explanation
in these models means that they are unable to explain the crack growth be-
haviour in composites and are only able to predict the crack propagation.
Therefore, Yao et al [52] recommended that a prediction model for delamina-
tion based on energy balance should be made.

Amaral et al[l] proposed the use of an average SERR, G*, as a similitude
parameter, which describes the energy released through crack growth. The
energy required per crack extension depends on the damage mechanisms
present at the fracture surface. Less energy is dissipated per crack exten-
sion when the fracture surface is smoother or there are less damage features
present at the fracture surface. The damage mechanisms depend on the crack
growth rate.

crie™ (2.1)
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Finite Element Models

Delamination within composites can also be predicted using finite element
models. Two different techniques can be used to predict the onset and crack
growth: Virtual Crack Closure Technique (VCCT) and Cohesive Zone Mod-
elling (CZM). CZM does not require a pre-existing crack for predicting the
onset and growth of a crack and does not require that the mesh is redefined
during simulation, while VCCT does. This is why CZM is preferred over VCCT
to predict delamination onset and fatigue life for undamaged composite lam-
inates.

CZM uses cohesive zone elements at the interfaces where delamination may
occur. The fracture toughness in these elements are defined by a given traction-
separation law. This law depends on the material properties and behaviour,
and describes the shear stresses at the crack tip due to crack opening for
modes I and II. The traction-separation law can be constant, linear or quasi-
exponential softening. The models can be used for Mode I [16, 19, 20, 29, 39,
50], Mode II [19, 20, 39, 50|, Mode III [18, 19, 39] and Mixed Mode [17, 31].
A fine discretization along the crack path is required for convergence and to
properly capture the non-linear processes in the process zone. The damage
growth in the element is simulated using a damage parameter, which repre-
sents the stiffness degradation in an element due to the damage. The cracked
material is assumed to be stress free and the failure process zone is assumed
to be lumped in the crack plane. The length where the cohesive zone is de-
fined and where a finer mesh should be applied is defined as the cohesive zone
length [44]|. The cohesive zone length depends on the characteristic length,
cohesive law shape and structure size for a given fracture mode [44].

b4 & &

Figure 2.2: A bi-linear traction-separation law that is used in cohesive zone elements. Delamination
starts in the element when the displacement has reached 6§, and the element has failed when the
displacement has reached 6.

The cohesive zone model developed by Nixon-Pearson et al [34] is capable of
predicting the damage sequence and overall slope of the fatigue life curve.
The cohesive elements follow a bi-linear traction separation law as shown in
figure 2.2, where the stress initially increases with the displacement with the
stiffness until fibre failure occurs at §,, after which the stress decreases again
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with increasing displacement until final failure at §;. The bi-linear traction-
separation law used for mixed mode is a combination of the constitutive laws
for mode I and mode II [34]. This means that the values used for fracture
toughness G, stiffness E and maximum stress 7,,,, are in the range of values
for mode I and mode II delamination.

Residual Strength

Models based on residual strength reduce the strength or stiffness of the lam-
inate after each cycle or block of loading, as the performance of the laminate
decreases due to damage accumulating during a cycle. The degradation de-
pends on the severity of the cyclic loading, scatter and number of cycles and
can be used to evaluate the damage progress using the damage parameter D.
The predictions are statistical and phenomenological and most models cannot
be used universally [37]. The models are based on the cumulative probability
of failure per cycle. Kassapoglou et al [25] found that when taking the damage
propagation into account this probability will vary for each cycle, while mod-
els that do not take damage into account will have a constant probability,
assuming that both the static strength and residual strength follow a two-
parameter Weibull distribution. Local stress distribution has to be analysed
after each cycle in case local failure requires an adjustment of global residual
strength. The reduction in residual strength can be associated with different
damage mechanisms, but the magnitude of reduction in residual strength
can not be correlated with a single type of damage [25]. In some models it is
assumed that the residual strength follows a power law in order to include
the large drop in strength at the end of life [15].

The models proposed by Vinayak et al[43, 51] predict the fatigue life using an
analysis of the stresses, the residual strength and failure criteria of an open-
hole laminate for uni-axial and multi-axial random loading. For the failure
analysis a modified fibre failure criterion is used. The criterion is modified
to use fatigue residual strength instead of unnotched static strength. The
number of cycles for each applied stress level during the random loading is
determined with the rainflow counting technique. Determining the residual
strength after a number of cycles N is done iteratively. The number of cycles
to failure is then determined by the number of cycles required for the resid-
ual strength to go below the applied stress level. The method for these mod-
els requires experimental S-N curves for tension-tension and compression-
compression, loading history and detailed information of the laminate, so the
models are quite complex. However, according to Philippidis and Passipoular-
idis [37] the simpler models for residual strength are more effective, due to
the large amount of data required for more complicated models, that has to be
retrieved from multiple tests under the same conditions. Philippidis and Pas-
sipoularidis also found that the simplest model, a linear model by Broutman
and Sahu [9], was the only model that could be safely applied universally.

Theory of critical distances

The theory of critical distances can be applied to any material with a circular
hole [47]. It is hypothetically capable of predicting the fracture toughness
during static and fatigue loading as the crack propagates [48]. The theory
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uses a length scale L given by

1 /(K. \
L=< (—) (2.2)

T\ oy

where for blunt notches L gives the critical notch radius at which a transition
occurs from the hole’s K; having no effect on the strength to having an effect
on the strength [47].

K. is the fracture toughness of the material and can be replaced by the
crack propagation threshold AK,, for fatigue loading. The tensile strength of
the material o, can be replaced by the fatigue limit Ag,. There are four meth-
ods that use the theory of critical distances to predict the fracture toughness
and fatigue limit. The point method uses an elastic stress analysis to deter-
mine the stress at a distance of L/2. It is assumed that failure occurs when
the stress exceeds the appropriate cyclic stress. For circular holes the failure
stress is given by [48]

o
O-f = o zu o ) (23)
(1+%(m) +%(m))

in which a represents the crack length. With the line method the stress is
the average stress along a line with length 2L starting from the notch root.
The imaginary crack method places an imaginary crack at the notch root
and the material will fail when the crack reaches the fatigue threshold AK,,,.
The length of this imaginary crack is L. The fourth method is finite fracture
mechanics assumes a finite amount of crack extension. The crack extension
will be 2L. These four methods give similar results depending on the geometry
of the cracks and notches [47].

2.3. Energy Dissipation

2.3.1. Composites

In composites the energy dissipated is contributed to micro-cracks in the pro-
cess zone near the crack tip. The size of the process zone depends on the
stress distribution [3]. Belaadi et al [6] observed hysteresis loops in a load-
displacement diagram during cyclic loading and determined the energy dissi-
pated per volume by calculating the area of the hysteresis loop. Therefore, the
dissipated strain energy can be determined by measuring the loads and dis-
placements during each cycle and calculating the area in the hysteresis loop.
When calculating the strain energy, a correction has to be applied to take
into account non-linearity in the load-displacement diagram due to compli-
ance of the test fixture [2]. Inaccuracies in displacement measurements can
also be reduced by using an external extensometer for measuring the dis-
placements. To prevent energy dissipation due to heat, the frequency of the
fatigue test has to be low. The acoustic energy dissipated can be measured
through acoustic emission similarly to metals. The data from the acoustic
emission measurements can also be used to monitor damage accumulation
[3] and damage mechanisms are identifiable by their peak frequencies [22].
Therefore, acoustic emission can also be used to monitor the damage mech-
anisms as described in chapter 2.1. It is still unclear whether the amount of
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dissipated mechanical energy is unique for each fracture mode, as well.

It was also noted that the energy dissipated per volume as a function of the
number of cycles depended strongly on the stress ratio, which is most notable
for low number of cycles, where the energy dissipated increases with stress
ratio. Amaral et al [3] also observed that for high stress ratios the resistance
to crack growth changes after 6000 cycles, while this change is minimal or
absent for low stress ratios. Thus, the change in resistance to crack growth
can be related to an increase in dissipated energy. Thus, a method for con-
structing fatigue master curves using a relation based on energy dissipation
with a low stress ratio may not be applicable for a constructing fatigue master
curve with a high stress ratio after 6000 cycles. Therefore, in order to create
a model, fatigue tests should be performed at low and high stress ratios.

Mohavedi-Rad et al [30] found that the amount of energy dissipated depends
on the number of cycles and fatigue stress levels, due to friction caused by
damage growth. The relation between the increase in dissipated energy and
number of cycles until failure appeared to be nearly linear when presented on
a double logarithmic scale as shown in figure 2.3. This suggests that there
is relation between the fatigue life curve and the total amount of dissipated
energy during the fatigue life. So, in order to be able to relate the fatigue
life to the damage mechanisms using energy dissipation, the energy dissipa-
tion at different stress levels should be measured and a S-N curve should be
constructed. Whether the total amount of energy dissipated also depends on
the fracture modes still has to be investigated. If the total dissipated energy
is found to be dependent on both the fatigue life and fracture modes, then
fatigue life could be predicted based on possible fracture modes and energy
dissipation.
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Figure 2.3: Total dissipated energy (TDE) versus the number of cycles to failure (N) on a double
logarithmic scale. Retrieved from [30].

2.3.2. Adhesive bonds

Pascoe et al [36] observed that when plotting the crack growth rate against
the dissipated energy per cycle there is only a small dependency on the stress
ratio.A power law can be used to describe the correlation between the crack
growth rate and energy dissipated per cycle. However, with this relation there
was one outlier which was not explained. The strain energy for each was de-
termined using the load and displacement of the specimen. The data points
were curve fitted using a power law and the derivative was used for the dissi-
pated energy per cycle.



Test Methods

3.1. Production

The coupons used were laminates made with HexPly 8552 prepreg tape [14].
The lay-ups used were [0],4, [(0/90)¢]s, [(45/ — 45)¢]s and [(0/90/45/ — 45);];,.
First, large composite plates were manufactured using hand lay-up, by build-
ing two halves of twelve layers each and then placing one half on top of the
other. The laminates were debulked after each layer was placed. Then, the
laminate was cured in an autoclave according to manufacturer specifications.
Before placing the vacuum bag, an aluminium plate was placed on top of the
uncured laminate to ensure a smooth surface on both sides. The dimensions
of the plates are given in table 3.1. The width and length were measured using
measuring tape; the thickness of the plates was measured using a thickness
gauge at three different points of the plate and taking the average.

Table 3.1: Composite plate dimensions after they were removed from the autoclave. The thickness
was measured using a thickness gauge. The width and length were measured using a measuring

tape.
ID Lay-up Thickness [mm] | Width [mm] | Length [mm)]
8552-024-14-03 [0]24 4.3 370 600
8552-0129012-17-04 [(0/90)¢]s 4.2 600 1050
8552-Ql-16-04 [(0/90/45/ — 45)53] 4.4 450 600

Then, the plates were scanned using a C-scan to check for possible defects,
so their locations are known before machining the plates into coupons. The
angle-ply coupons were machined by first cutting part of the plate 8552-
0129012-17-04 under a 45 degree angle, after which the coupons were ma-
chined. This was done to save time with hand lay-up. Afterwards the coupons
are machined according to the geometry as shown in figure 3.1 based on the
requirements from ASTMDS766 standard for tensile testing open hole com-
posite coupons [4], as the geometry is also suitable for tension-tension fatigue
testing [21].

11
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Figure 3.1: Specimen dimensions which were used for machining

The average dimensions including thickness of each batch of coupons are
given in table 3.2 and were all measured with the same caliper. The length
of the coupons were measured using a measuring tape. Before each test the
coupons were also painted with a random speckle pattern in the area around
the hole, as this is area of interest for the digital cameras.

Table 3.2: Average dimension for each coupon lay-up. The width, thickness and diameter were all
measured using the same caliper. The length of each coupon was measured using the same
measuring tape.

Lay-up Width [mm] | Length [mm] | Thickness [mm] | Diameter [mm)]
[0]24 36.07 250 4.34 6.35
[(45/ — 45)¢]s 36.07 250 4.36 6.35
[(0/90)¢]s 36.06 250 4.37 6.35
[(0/90/45/ — 45)3] 36.08 250 4.37 6.35

3.2. Fatigue Tests

The fatigue tests were performed using a MTS 100 kN fatigue machine using
clamps with smooth surfaces to clamp the specimen at both ends. All spec-
imens were tested with frequency f = 5Hz, stress ratio R = 0.1 and constant
amplitude fatigue load. The load levels at which each lay-up was tested is
given in table 3.3. After each 100th load cycle, there was a segment were
the coupon was held at maximum load for 0.5s after which it returned to
the minimum load and continued with the load cycles, as shown in figure
3.2. The peak and valley loads and displacements were recorded by the test
bench for each cycle. The load and displacement were recorded by the test
bench during the segment after each 100th load cycle.
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Figure 3.2: Sketch of load cycles over time

Table 3.3: Load levels used for each lay-up with their corresponding minimum and maximum load.

Lay-up Load Level | Maximum Load [kN] | Minimum Load [kN]
Low 50 5.0
[0]24 Medium 53 53
High 55 55
Low 16 1.6
[(45/ — 45)¢]s Medium 18 1.8
High 20 2.0
Low 60 6.0
[(0/90)¢]s Medium 62 6.2
High 64 6.4
Low 52 5.2
[(0/90/45/ — 45)3]s Medium 53 53

During the test the acoustic emission was measured to relate acoustic emis-
sion features to damage mechanisms and crack growth. For the acoustic
emission measurements, two Vallen VS900-M broadband sensors [46] were
clamped at either side of the coupon to accurately capture the damage growth
around the open hole. Before the sensors were clamped to the specimen, a
drop of coupling gel was applied to the sensors surface and spread by moving
the sensor around on the specimen surface. The sensors were placed at least
30 mm away from the open hole for measurements.

The sensors were connected to a pre-amplifier with 34 dB gain and a 8 channel
Amsy-6 system from Vallen Systeme. The Amsy-6 system was also connected
to the test bench in order to record the bench load for each acoustic emis-
sion hit. The damage accumulation will be characterised by energy pulses
measured by the acoustic emission sensors. Different damage modes can
be distinguished based on their unique energy pulses. The load was mea-
sured alongside the acoustic emission measurements to couple the damage
accumulation to the load cycles. The acoustic emission measurements were
started before the fatigue test started and measurements stopped before the
sensors were removed from the coupons. Acoustic emission hits were regis-
tered if the amplitude exceeded 50 dB.
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Figure 3.3: Picture of the test set-up. The upper acoustic emission sensor clamped to the specimen
is for channel 1, while the bottom sensor is for channel 2.

Digital Image Correlation (DIC) was used to monitor crack growth and damage
type. For the DIC, two cameras from isi-sys suitable for Vic-3D were set up
such that the area of interest was fully in focus. Then, the camera set-up was
calibrated and a picture was taken of each specimen before the start of the
fatigue test to test the trigger signal for the cameras and to act as a reference
picture for data processing.

Once the fatigue started a signal was given from the test bench to trigger the
cameras at each 100th cycle and the pictures taken were stored on the PC
the cameras were connected to.

3.3. Data Analysis

Three sets of data were collected during the tests: data from the test bench
which contained the applied loads and displacement for each cycle, DIC pho-
tographs and acoustic emission measurements.

3.3.1. Load and Displacement

A Python script [45] was created to read the cyclic data retrieved from the
test bench and determine the cyclic work done for each 100th cycle. This
was done by finding the start and end index of each cycle and calculating the
cyclic work using figure 3.4 and the following equation [35]:

1 1
Ucyc = EFmax(dmax - dO) - EFmin(dmin - dO) (31)

with dy = d i — e and k = Ime”fmin which are the displacement for when the

k ax ™ Ymin

load is zero and the slope of ‘the load-displacement curve.
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Figure 3.4: Sketch of the first half of a load cycle used to determine the cyclic work

The mechanical energy dissipated during each cycle was calculated by calcu-
lating the area of the hysteresis loop [6].This was done by using U; = U, — U,
where U, is the area underneath the load displacement curve of the first half
of the load cycle, while U, is the area of the second half as shown in figure
3.5. The area was calculated using the data points recorded during each
100th load cycle and integrating them using the trapezoidal rule [13].

F

d : d
Figure 3.5: Sketch of the full load cycle used to determine the dissipated energy for each cycle.

It is expected that the dissipated energy will decrease over time, as the growth
in damage should cause a decrease in stiffness, bringing the coupon stiffness
during the first half of the load cycle closer to the stiffness during the second
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half of the load cycle.
The cyclic work and dissipated energy for each cycle were then exported as a

comma separated file and opened in Excel, where the data points were used
to determine a trend-line.

3.3.2. DIC

The pictures taken by the DIC cameras were analysed using Vic3D, which
determined the strain of the specimen in each picture using the first picture
as reference. Then, the strain at which crack growth started was found by
searching through the analysed pictures for the moment crack growth is ap-
parent and determining the maximum strain around the crack. This strain
was then used as a measure for crack growth.

For the [0],, and [(0/90)¢]s coupons, the crack length was determined by lo-
cating the crack tip and measuring the distance between the crack tip and
the centre of the hole, as shown in figure 3.6.

exy [1] -
Lagrange
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0.0175
0.015

= 0.0125

-0.0125

-0.015

-0.0175

-0.02

Figure 3.6: Determination of crack length for cracks in the 0° layer

The length of the damaged area for the 0° layer was then calculated as the
average length of the left crack and the right crack as given by

_ A + Qi + Ay + Ay

a= 5 (3.2)

The crack length in the 45° and -45° layers were measured along the 45° and
-45° angles as shown in figures 3.7a and 3.7b.
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(a) Crack length in 45° direction with aj,s, forthe  (b) Crack length in -45° direction with a;j _,s, for
crack on the left side of the hole and a;,5, on the the crack on the left side of the hole and a;_,5, on
right side of the hole. the right side of the hole.

Figure 3.7: Determination of the crack length in the 45° and -45° directions indicated by a white line

For investigating the crack growth the total length of the cracks were taken in
each direction, thus ais = aj4s5) + arus) and alys = aj_4s) +a; (45 To determine
the damaged area in the 45 and -45 layers, the crack lengths were projected
along the vertical and horizontal axes with equations 3.3 and 3.4. This as-
sumes that the two cracks at either side of the hole actually act as a singular
crack. For the projection on the vertical axis first the length on each side of
the hole was determined, after which the average of the two vertical lengths
were taken as shown below:

1 1
Vp = Q(45) COS 45 + aj_45)COS 45 = —\/Ea;‘ms) + E\/Eaf(_%)

2
1 1
Vp = Oy 45 COS 45 + a5y COS 45 = E\/Ea;(%) + E\/Ea;(_%) (3.3)
2 1/1 . 1 . 1 . 1 i
V= 2 . = E <§\/§al(45) + E\/Eal(—45) + E\/Ear(4_5) + E\/zar(_45)

Because the projection starts from the centre-line the diameter of the hole
does not have to be included in the vertical length of the damaged area.

For the projection on the horizontal axis, first the average length on each side
of the hole was determined. Then, the sum of the two horizontal lengths were
taken together with the diameter of the hole, as the open hole is part of the
damaged area. This is shown below:

%\/Eaf@S) + %\/faf(_%)

hl = 2
IV2a; s + IV2ak,
hr — 2 7(45) > 2 T(—45) (34)

h=h+h, +D
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The data points were recorded and plotted in Excel and a trend-line was cre-
ated going through the data points. The interval at which data points were
taken depended on the amount of cycles that were tested. The derivative of
the trend-lines were taken to determine da/dN.

Then, the displacement measured was plotted versus the crack length and
the derivative of the trend-line was taken to calculate G with the equation
below [23] assuming the load F is independent of the crack length a and dis-
placement u dependent on a

B F?dcC B F?2d(u/F) _ Fdu
"~ 2bda  2b da  2bda
Filling in equation 3.5 for maximum load and displacement, and minimum

load and displacement will give G, , = fpax $mex and G, = fnin @min | respec-

2h
2
tively. The similitude parameter used is AG = (\/ Gmax —+/ Gml-n) [41].

(3.5)

To verify the measured displacement, the displacement was also calculated
using the following equations for the coupons with unidirectional and crossply
lay-ups:

Uy

—e.F = E
0, =€ I—a
_L—a _L—aF
METE T TR we

U,
O-2=EZE=;E
_a_ _a F
= 2T Fw— D)

F(L—a) Fa

u=u, +u, = + (3.6)

Ewt E(w—-D)t

For coupons with angleply lay-up the displacement was determined using
Au=Ew) 4 e With v and h as defined in equations (3.3) and (3.4).

The modulus of elasticity E was determined using thick laminate theory to
calculate the ABD-matrix. Afterwards, the ABD-matrix in order to retrieve the
abd-matrix. Then, the membrane stiffness E = ain was taken as the modulus

of elasticity of the coupon.

3.3.3. Acoustic Emission
The acoustic emission data was first reduced by applying a filter with the
following conditions:

* signal amplitude has to be at least 60 dB, as the damage mechanisms
associated with AE hits below 60 dB are considered the least damaging
[42];

* the signal rise time has to be at least 1 us, as a rise time below 1 us as a
no physical meaning;

 the signal duration has to be less than 700 us.
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The features exported for each hit were: hit count, load in N, acoustic energy
in eu, amplitude in dB, rise time in us, duration in us, time in hh:mm:ss and
channel.

The cumulative acoustic energy and hit count for each sensor channel were
also extracted in steps of 20 seconds. The time for each step was first con-
verted to number of cycles, after which the mean energy and amount of hits
between the two channels were taken to compare the increase of acoustic en-
ergy and hits with the observed trend in crack growth.



Results and Discussion

The results discussed in this chapter are based on the data made available
at [45]. The data analysis steps were described in section 3.3.

4.1.DIC

The pictures for the DIC measurements were taken during the load segment
as explained in section 3.2. The crack length measured for the different lay-
ups are shown in figures 4.1 to 4.4. As shown in figure 3.6 the cracks in
0° direction started from the centre-line of the hole and grew in the direction
of the loading. It can be seen in figures 4.1 and 4.2 that for the unidirec-
tional and cross-ply lay-ups the crack in 0° direction increases steeply at the
beginning and then levels off. This was expected as the effect of the stress
concentration caused by the hole decreases when moving further away from
the hole, decreasing the rate at which a crack grows.

The cracks in 45° and -45° direction in the angle-ply lay-ups slowly grows in
the beginning and rapidly grows at the end of life, as shown in figure 4.3. The
coupon starts to delaminate around the open hole after the cracks reached
the edges of the coupon, which caused the sudden increase in crack length.

For the quasi-isotropic lay-up in figure 4.4 the cracks in 45° and -45° direc-
tion has a steep increase in length in the beginning and then levels off as the
cracks reaches the ends of the coupon. Once the 45° and -45° cracks reached
the ends of the coupon, the cracks in 0° started to increase faster in length.

The crack growth in the 90° layers could not be measured as the crack reached
the edge of the coupon before the 100th cycle.

The damage modes found with DIC correspond with the damage mechanisms
described in section 2.1, however no out-of-plane delamination was found in
the QI coupons in the delamination regions as shown figure 2.1. Instead out-
of-plane delaminations were found between the 0° split lines.

20
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Figure 4.1: Crack length versus amount of load cycles for unidirectional coupons at tested load levels
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Figure 4.2: Crack length versus amount of load cycles for cross-ply coupons at tested load levels
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Figure 4.3: Crack length versus amount of load cycles for angle-ply coupons at tested load levels
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Figure 4.4: Crack length versus amount of load cycles for quasi-isotropic coupons at tested load
levels

A power function was fitted as trend-line through the data points in order to
determine the crack length as function of the number of cycles as shown in
figures 4.5 to 4.8.1t can be seen in figures 4.7 and 4.8 that a power curve does
not accurately describe the entire crack growth. For the angle-ply coupons,
the actual curve for the crack growth starts to deviate near end-of-life. This
would mean that using the power curve to calculate da/dN will cause da/dN
to be inaccurate for end-of-life. For the quasi-isotropic coupons the crack
growth in the 0° plies deviate from a power curve. As said before, this was
due to a delay in crack initiation after the matrix cracks in 45°/-45° plies
started to progress. This deviation can affects the relation between crack
growth rate and strain energy release rate.



4.1.DIC 23

60
y = 0,0319x0.6672
50 R?=0,9592
40
B
£ 30
©
20
Mean
Power (Mean)
10
0
0 10000 20000 30000 N ] 40000 50000 60000 70000

Figure 4.5: Crack length versus amount of load cycles with trend-line for unidirectional coupon tested
at a maximum load of 53 kN
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Figure 4.6: Crack length versus amount of load cycles with trend-line for cross-ply coupon tested at a
maximum load of 62 kN
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Figure 4.7: Crack length versus amount of load cycles with trend-lines for angle-ply coupon tested at

a maximum load of 16 kN
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Figure 4.8: Crack length versus amount of load cycles with trend-lines for quasi-isotropic coupon

tested at a maximum load of 52 kN

Because not all coupons were tested until full failure, it was decided to test
until the cracks reached the edges of the coupon for +45° cracks or until the
cracks reached the edge of the DIC area. This resulted in the following fatigue
curves shown in figure 4.9. The test results were also filled in the test matrix

in table 4.1. It can be seen that the cross-ply and quasi-

isotropic were tested

at higher loads, but still had longer lives which was unexpected. This could
be because of the stacking sequences used for cross-ply and quasi-isotropic
influencing crack initiation and growth, and the definition used for failure.
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Figure 4.9: Fatigue curves for the various lay-ups unidirectional (UD), angle-ply, cross-ply and
quasi-isotropic (Ql). Failure was considered when the cracks measured had reached a defined length.

Table 4.1: Test matrix including lay-up of the coupons, load level, stress ratio, number of cycles until
failure, maximum load and damage types found. Failure was considered when the cracks measured
had reached a defined length.

Lay-up Load level | Stress ratio | Number of cycles | Maximum Damage type
load [kN]
Low 0.1 100099 50
[0]24 Medium 0.1 60299 53 Fibre Splitting
High 0.1 3999 55
Low 0.1 132999 60 ; i~
[(0/90)¢]s Medium | 0.1 89999 62 n::t)r:i g?;SL?r?g
High 0.1 74999 64.5
Low 0.1 90999 16 . .
[(45/ — 45)]s Medium | 0.1 9999 18 MS;T;?LZ?.'EEQ
High 0.1 2199 20
Low 0.1 199999 52 Fibre Splitting
[(0/90/45/ — 45)3]s | Medium 0.1 99999 53 Matrix Cracking
Delamination

4.2. Load Displacement data
Before calculating the cyclic work for each coupon, it was first checked whether
a hysteresis loop was present in the load-displacement diagrams for each lay-
up. This was done for three different cycles throughout a specimens life.
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Figure 4.10: Cyclic work versus amount of cycles with outliers highlighted by a red circle

The data points highlighted in figure 4.10 were investigated by looking at the
cyclic data from the test bench. It was found that these points corresponded
with cycles were the first half of the cycle was 0.5s segment at which the
coupon was held at maximum load and the second half of the cycle was the
unloading of the coupon as described in section 3.2. Since this is not the
type of load cycle under investigation, these points were treated as outliers
and removed from the graph for determining the trend-line. This resulted in
the graphs shown in figures 4.11 to 4.14.
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Figure 4.11: Cyclic work versus amount of cycles for unidirectional coupons tested with a maximum
load of 53 kN
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Figure 4.12: Cyclic work versus amount of cycles for cross-ply coupons tested with a maximum load
of 60 kN
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Figure 4.13: Cyclic work versus amount of cycles for angle-ply coupons tested with a maximum load
of 18 kN
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Figure 4.14: Cyclic work versus amount of cycles for quasi-isotropic coupons tested with a maximum
load of 52 kN
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It can be seen that there is scatter for each lay-up, this may be due inaccu-
racies in the measurement of the loads and displacements during the cycles.
The unidirectional, cross-ply and quasi-isotropic lay-ups start with a steep
increase in the beginning after which the slope continuously decreases and
the curve eventually levels off, except for quasi-isotropic which continues to
increase. The curve for the coupons with a 45°/-45° lay-up continuously in-
creased until end-of-life, which means the continued increase in cyclic work
in the quasi-isotropic curves were caused by the 45° and -45° plies.

As the minimum and maximum loads were kept constant, an increase in
cyclic work means an increase in displacement and a change in slope for the
load displacement curve, which means a decrease in laminate stiffness over
time.

The decrease in laminate stiffness is caused by damage initiation and growth
in the coupons. The cyclic work appear to follow a similar trend as the crack
growth for unidirectional and cross-ply lay-up.

To check for a relation between displacement and crack length the maximum
displacement measured by the test bench was plotted versus the crack length
as shown in figures 4.15 to 4.18. It can be seen that the maximum displace-
ment rapidly increases in the beginning, but the effect of the crack growth on
the displacement diminishes over time for the fibre splits in the unidirectional
and quasi-isotropic coupons. The matrix cracks in 45° and -45° directions
in the angle-ply coupons followed a similar trend. As the 45° and -45° plies
failed before the 0° plies in quasi-isotropic coupons, only the initial increase
in displacement was affected by the matrix cracks.

For cross-ply coupons as shown in figure 4.16, the displacement does not ap-
pear to be related to the crack length, but this may be caused by inaccuracy
in the displacement measurements from the test bench.
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Figure 4.15: Measured maximum displacement versus the crack length a for unidirectional coupon
tested with a maximum load of 53 kN
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Figure 4.16: Measured maximum displacement versus the crack length a for cross-ply coupon tested
with a maximum load of 60 kN
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Figure 4.17: Measured maximum displacement versus the crack length a for angle-ply coupon tested
with a maximum load of 18 kN
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Figure 4.18: Measured maximum displacement versus the crack length a for quasi-isotropic coupon
tested with a maximum load of 52 kN

For calculating the displacement it was assumed that the maximum displace-
ment during the cycle occurred at the same point as the maximum load that
was measured, due to the linear elasticity of composites. The calculated dis-
placement can be found in figures 4.19 to 4.21

0,545

0,54
p— ! .
£ K
£ 0,535 .
— oo
2 o ® .’." @ L iiiieaaeeaeees N g
E o @ P
5 0,525 - % i
4 Foe.. ] . & 'V =0,5155x006
g % o R?=0,0348
."_’ ’ 1
o
o 0515 s
3 °
5 0,51 o,
= 0,505 )
S °* o

0,5

]
0,495
0 5 10 15 20 25 30 35 40 as

Crack length [mm]

Figure 4.19: Calculated maximum displacement versus crack length a for the coupon with
unidirectional lay-up tested at maximum load 53 kN
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Figure 4.20: Calculated maximum displacement versus crack length a for the coupon with cross-ply
lay-up tested at maximum load 62 kN
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Figure 4.21: Calculated maximum displacement versus crack length a for the coupon with angle-ply
lay-up tested at maximum load 18 kN

Comparing the measured displacement to the calculated displacement it can
be seen that both follow a similar trend, however there is an offset between
them. This suggests that there is indeed a relation between displacement and
crack length. The offset is most likely due to the test bench measuring the
displacement of the test bench and not just the displacement of the coupon.
Therefore, the displacement measurements included the stiffness from the
test bench, while the calculated displacement only takes the approximated
coupon stiffness into account, which caused the offset in displacement. The
amount of scatter found for both the measured and calculated displacement
could be due to the scatter in maximum load measured during each cycle, as
the measured load was not exactly the same for each measured cycle. This
also explains the scatter found in the cyclic work.
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The difference between measured displacement and calculated displacement
for angle-ply is caused by a change in stiffness during the test due to the ma-
trix cracks growing, while during the calculations of the displacements the
stiffness of the angle-ply coupons was kept constant.

Since the overall trends of the measured and calculated displacements are
the same, the calculated cyclic work trends will be the same, but the actual
values will be lower.

The SERR depends on the trend between displacement and crack length and
would therefore not be affected by the difference between measured and cal-
culated displacement.

The dissipated energy is based on the hysteresis loop of a load cycle. As only
the maximum displacement was investigated and not an entire load cycle it
can not be said how the difference would affect the dissipated energy calcu-
lations.

Then using the relations found between the displacement and the crack length,
the strain energy release rate was calculated using equation 3.5 and plotted
versus the crack growth rate da/dN as shown in figures 4.22 to 4.25.

There is an increasing power relation between the strain energy release rate
and the crack growth rate for fibre splitting in the unidirectional and cross-
ply coupons. For the matrix cracks in angle-ply coupons the crack growth
decreases with increasing strain energy release rate. Comparing this to the
crack growth shown in figure 4.3, more strain energy is released to initiate
the crack growth after which less strain energy has to be released to continue
the growth.

For the quasi-isotropic coupons an increasing power relation was found for
the matrix cracks in 45° and -45° directions, however for the crack growth in
the O° plies the slope is similar to the 45° and -45° cracks when the growth of
the matrix cracks was dominant. When the crack growth in the 0° plies was
dominant the slope changed.
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Figure 4.22: Crack growth da/dN versus the similitude parameter AG = (,/Gmax - ./Gmin) for
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Figure 4.23: Crack growth da/dN versus the similitude parameter AG = (,/Gmax - 1/G,m-n) for
cross-ply coupon with a maximum load of 60 kN
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Figure 4.24: Crack growth da/dN versus the similitude parameter AG = (,/Gmax - 1/Gmin) for
angle-ply coupon with a maximum load of 18 kN
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Figure 4.25: Crack growth da/dN versus the similitude parameter AG = (,/Gmax - ./Gmin)z for
quasi-isotropic coupon with a maximum load of 52 kN. A line was drawn through the curve for crack
growth in the 0° plies. Part 1 of the curve was when fibre splitting was dominant, while in part 2 matrix
cracks were dominant.

To see if the cyclic work can be correlated to the strain energy release rate the
cyclic work per cycle was plotted versus the crack growth rate, as shown in
figures 4.26 to 4.29.

The unidirectional, cross-ply and angle-ply coupons have similar trends as
the strain energy release rate. The quasi-isotropic coupons have similar
trends for the matrix cracks in 45° and -45° directions, but not for the fi-
bre splits in 0° direction.
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Figure 4.26: Crack growth da/dN versus the cyclic work per cycle dU/dN for unidirectional coupon
with maximum load of 53 kN
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Figure 4.27: Crack growth da/dN versus the cyclic work per cycle dU/dN for cross-ply coupon with
maximum load of 60 kN
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Figure 4.28: Crack growth da/dN versus the cyclic work per cycle dU/dN for the angle-ply coupon
with maximum load of 18 kN
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Figure 4.29: Crack growth da/dN versus the cyclic work per cycle dU/dN for the quasi-isotropic
coupon with maximum load of 52 kN

The dissipated energy data had outliers at the same cycles as the cyclic work,
the values were either NaN or much higher than the values of the nearby data
points. The cause is the same as for the cyclic work, so these data points were
disregarded.

The dissipated energy versus number of cycles for each lay-up is shown in fig-
ures 4.30a and 4.30d. There is no distinguishable difference in behaviour for
the dissipated energy between lay-ups and there is a large amount of scat-
ter between data points, so no trend could be determined. This is mostly
caused by the inaccuracy in the load-displacement data and more accurate
tools should be used to determine the dissipated energy.
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Only the angle-ply and quasi-isotropic coupons show a slight decrease over
time in dissipated energy, thus the decrease in stiffness in the unidirectional
and cross-ply was not significant enough to cause a decrease in dissipated
energy.

Comparing the dissipated energy versus the number of cycles with the crack
length versus number of cycles it was found that for the angle-ply coupons the
initial peak happened around the same time as the beginning of crack growth
suggesting that when matrix cracks initiate more energy is dissipated. For
the quasi-isotropic coupon the peak of dissipated energy is around the time
the cracks in the 45° and -45° plies started to reach the end of the specimen,
which is also when damage interactions occur initiating delamination in the
inner delamination regions, as described by Green et al [21].
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Figure 4.30: Dissipated energy versus amount of load cycles for lay-ups unidirectional (UD),
angle-ply, cross-ply and quasi-isotropic (Ql)

However, when plotting the total amount of energy dissipated versus the num-
ber of cycles to failure, there appears to be a linear relation between the life-
time of a composite specimen and the amount of energy dissipated during a
coupon’s life.
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Figure 4.31: Total dissipated energy versus number of cycles to failure for the lay-ups unidirectional
(UD), angle-ply, cross-ply and quasi-isotropic (Ql). Trend-lines were drawn between the data points
indicating a linear relation between total dissipated energy and number of cycles until failure.

4.3. Acoustic Emission Data

After applying the filter to the data as described in section 3.3, the cumula-
tive energy and amount of hits registered were calculated at intervals of 20s,
which equals approximately 100 cycles per interval. To plot the cumulative
energy and hits, the time in seconds for each data point had to be converted
to number of cycles. This was done using the following piece of code:

Step 1: Set ti to O

Step 2: Calculate the number of cycles with

N= (t[i]-t[0]-ti*0.5)*5 where i1 is the index of the current cycle
and 0 the index of the first cycle.

Step 3: If N is larger than (ti+l)*100,

then ti is increased by 1 and N is recalculated.

Repeat step 2 and 3 until the last cycle.

In figures 4.32 to 4.35 the cumulative number of acoustic emission hits reg-
istered versus amount of cycles is shown. For unidirectional coupons there
are three different areas visible in figure 4.32. First a steep increase when the
cracks initiate at the start followed by a lower slope as the cracks continue
to grow. As the crack grow closer to the acoustic emission sensors, the slope
starts to increase.

The crossply coupons have a similar trend as the unidirectional coupons had
the crack growth is in the same direction. It is assumed that most of the ma-
trix cracking in the 90° layers occurred during the first couple of cycles and
does not influence the overall trend of the accumulated number of hits.

For angleply coupons the number of hits registered slowly increases at the
start and near the end-of-life starts to rapidly increase, as shown in figure
4.34, similarly to the crack growth shown in figure 4.3. The change in slope
occurs around the number of cycles the when the coupon started to elongate
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around the hole.

For the quasi-isotropic coupon the slope of the curve increases as the cracks
grows. Possibly initially due to growth of the cracks in the 45° and -45° plies
followed by the growth of the fibre splits in 0° direction.
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Figure 4.32: Cumulative number of acoustic emission hits versus amount of load cycles for
unidirectional coupon with a maximum load of 53 kN
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Figure 4.33: Cumulative number of acoustic emission hits versus amount of load cycles for cross-ply
coupon with a maximum load of 60 kN
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Figure 4.34: Cumulative number of acoustic emission hits versus amount of load cycles for angle-ply
coupon with a maximum load of 18 kN
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Figure 4.35: Cumulative number of acoustic emission hits versus amount of load cycles for
quasi-isotropic coupon with a maximum load of 52 kN

The differences between channel 1 and channel 2 is due to hits being filtered
out based on their amplitude, which decreases as the distance between the
sensor and the damaging event increases [32]. Therefore, for comparing the
hits and energy with the crack length, the mean between the two channels
was used.

In figures 4.36 to 4.39 the cumulative acoustic energy versus amount of cycles
are shown. It can be seen in figures 4.36 and 4.38 that for the unidirectional
and angleply coupons the acoustic hits and acoustic energy follow similar
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trends as the acoustic hits and crack length.

The coupons with crossply lay-up slowly increases until the fibre splits are
close to the edge of the DIC area, after which there is a change in slope. Acous-
tic energy is determined using the amplitude and duration of the acoustic
hits, so the acoustic emission features have to be investigated to determine
the cause.

The acoustic energy measured for quasi-isotropic coupons slowly increases at
the beginning and changes slope when the cracks in the 45° and -45° aproach
the edges of the coupon and the rate at which the fibre splits in the 0° plies
starts to increase. This suggest that fibre splits emit more acoustic energy
than matrix cracks.
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Figure 4.36: Cumulative acoustic emission energy versus amount of load cycles for unidirectional
coupon with maximum load of 53 kN
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Figure 4.37: Cumulative acoustic emission energy versus amount of load cycles for cross-ply coupon
with maximum load of 62 kN
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Figure 4.38: Cumulative acoustic emission energy versus amount of load cycles for angle-ply coupon
with maximum load of 16 kN
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Figure 4.39: Cumulative acoustic emission energy versus amount of load cycles for quasi-isotropic
coupon with maximum load of 52 kN

In order to determine if unique features related to the damage growth could be
identified, the acoustic emission features rise time, duration and amplitude
were investigated by plotting the rise time and duration versus the amplitude
for each channel. Then the data points were divided based on the load ranges
they were measured.

The load ranges were 0-10% of maximum load, 10-25% of maximum load,
25-50% of maximum load, 50-75% of maximum load and 75-100% of max-
imum load. Since the test range was from 10-100% of maximum load any
data points below 10% will most likely be due to starting and stopping the
tests. It was found that the number of hits below 10% maximum load was
below 1% for most coupons and the percentage decreased as number of cy-
cles measured increased.

As shown in figures 4.40 and 4.41, it was found that between 75% and 100%
maximum load, damage growth in UD coupons can be characterised by low
rise time below 100 us, high amplitude and duration above 100 us, which cor-
responds with what was found in [5]. The hits found during lower load levels
can be attributed to friction based mechanisms, which are most prominent
during fatigue tests with stress ratio R = 0.1 [49].
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Figure 4.41: Rise time versus amplitude for the coupon with UD lay-up and a maximum load of 53 kN

In figures 4.42 and 4.43 it can be seen that damage growth could be found for
loads between 50% and 100% maximum load with a medium to high duration
(200 to 900 us), high amplitude (80 to 100 dB) and low to high rise time (O to

500 us).
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For crossply coupons the damage acoustic features for damage growth could
be found for loads between 75% and 100% maximum load, as shown in figures
4.44 and 4.45. The damage growth occurred for acoustic hits with medium
to high duration (300 to 900 us), high amplitude (80 to 100 dB) and low to
medium rise time (O to 300 us).
These described features could not be distinguished individually in the quasi-
isotropic coupons. To better relate the crack growth data with the acoustic
emission features, the acoustic emission data could possibly also be divided
based on the range of cycles in which the acoustic hits occurred. This way the
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damage mechanisms could possibly be distinguished in the quasi-isotropic
coupons by comparing the time of occurrence for the acoustic hits with the
crack growth data.

Another possibility is to use pattern recognition techniques to distinguish pat-
terns from the acoustic feature plots, to better chart the characteristics for
damage mechanisms in the coupons with unidirectional, crossply and angle-
ply lay-up. This could then be used to distinguish the damage mechanisms
in the acoustic emission data for quasi-isotropic coupons.

Another improvement would be to use frequency based analysis instead of
amplitude based analysis [22], as the amplitude depends on the distance be-
tween the acoustic sensors and the acoustic event and the damage grew in
the direction of the sensors.
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Figure 4.44: Duration versus amplitude for the coupon with crossply lay-up and a maximum load of
60 kN
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60 kN

It was also investigated whether a load threshold can be found for which the
damage mechanisms are visible in all coupons with the same lay-up. This was
done by increasing the load at which the features were plotted and search-
ing for patterns that indicate damage growth. For unidirectional coupons
this threshold was for loads around 70% of the maximum load. For crossply
coupons the threshold was found for loads around 50% of the maximum load
and for angleply coupons the threshold was for loads around 70% of the max-
imum load.



Conclusions and Recommendations

5.1. Conclusions

Various different models have been developed over the years to predict the fa-
tigue life of composites. However, these models are phenomenological and are
incapable of accurately explaining the behaviour of composites during fatigue.
A connection was found between dissipated energy and damage mechanism,
which could be used to create a model for constructing fatigue life curves that
are based on the damage mechanisms in composites.

It was found that in a quasi-isotropic laminate there are different fracture
modes in the 0° plies, the 90° plies and the +45° plies. These fracture modes
grow independently of each other at the start. Therefore, they can investi-
gated individually by testing coupons with a 0°, 0/90° and 45/-45° lay-up.

To isolate the damage mechanisms three different lay-ups were tested: uni-
directional [0,,], crossply [(0/90)s], and angleply [(45/ —45)¢]s. To investigate
the effect of the interactions between the different damage modes, coupons
with quasi-isotropic lay-up [(0/90/45/ —45),]s were tested. The coupons were
tested for tension-tension fatigue using a MTS 100 kN fatigue machine with
stress ratio R = 0.1 and frequency f = 5 Hz. During the tests the displace-
ment and force were measured using the sensors in the test bench, acoustic
emission sensors were clamped to the specimen to perform acoustic emission
measurements and two cameras would take pictures every 100th cycle for
digital image correlation (DIC).

Fibre splitting was found in the coupons with unidirectional and crossply
lay-ups. The growth of the matrix cracks in the 90° plies could not be mea-
sured as these cracks reached the edge of the coupon within 100 cycles. The
matrix cracks found in the coupons with angleply lay-up started from the
centre of the open hole and grew in 45° and -45° directions to the edge of the
coupon, after which the the coupon started to delaminate near the hole. Both
the fibre splitting and the matrix cracking were found in the quasi-isotropic
coupons. Out-of-plane delamination appeared between the fibre split lines at
the edge of the hole.

49
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Using the displacement and load measurements from the test bench, the
cyclic work was calculated by determining the area underneath the first half
of a load cycle. The dissipated energy was determined by determining the
area underneath the first half and subtracting the area of the second half of
the load cycle in order to calculate the area in the hysteresis loop. This was
done for every 100th cycle.

The cyclic work for coupons with unidirectional, crossply or quasi-isotropic
lay-up start with a steep increase after which the slope decreases. For unidi-
rectional and crossply the increase appears to be asymptotic, while the quasi-
isotropic coupons still continue to increase. The cyclic work for coupons
with angleply lay-up increases continuously with increasing number of cy-
cles. As the maximum and minimum load were kept constant, the increase
in cyclic work was caused by an increase in difference between minimum and
maximum displacement, which indicates an increase in compliance over time
for angleply and quasi-isotropic. Plotting the maximum displacement versus
the crack length showed that there is indeed a relation between crack length
and displacement, however the effect of crack length on the displacement de-
creases as the crack grows.

The relation between displacement and crack length was used to determine
the strain energy release rate for the different coupons. Comparing the strain
energy release rate with to the cyclic work and crack growth, the strain energy
release rate showed similar trends as the cycle work related to crack growth.
The distribution of dissipated energy over time appears to not be related to
the damage mechanisms found with digital image correlation, however the to-
tal amount of dissipated energy is related to the number of cycles until failure.

The data from the acoustic emission measurements was first filtered based
on amplitude, rise time and duration of the acoustic hits. Afterwards, the
cumulative number of hits and amount of acoustic energy measured were
calculated and plotted versus the number of cycles for each channel. There
is a difference in amount of hits registered between channels, due to the hits
being filtered based on amplitude, which depends on the distance between a
sensor and the acoustic event.

In the unidirectional and crossply coupons three different areas could be
identified: a steep increase as the crack started to grow followed by decreased
slope as the cracks continued to grow, after which a change in slope occurs
when the cracks approach the sensors due to distance between the cracks
and acoustic sensors decreasing.

To identify damage mechanisms using acoustic emission features, the acous-
tic hits rise time and duration were plotted versus the amplitude for each
channel. The hits were then separated based on their loads. Hits with low
load level are mostly caused by friction based mechanisms that are prominent
for low stress ratios.

In coupons with unidirectional lay-up, it was found that damage growth was
present with loads between 75% and 100% maximum load. The damage
growth could be characterised by low rise time, high amplitude and medium
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to high duration. For coupons with crossply lay-up the damage growth was
found for loads between 75% and 100% maximum load with low to medium
rise time, high amplitude and medium to high duration. In coupons with an-
gleply lay-up the damage growth characteristics were found for loads between
50% and 100% maximum load with high amplitude, medium to high duration
and low to high rise time. These features could not initially be recognised for
the quasi-isotropic coupons.

5.2. Recommendations

In order to be able to measure the crack growth in the 90° plies, pictures
should also be taken during the first 100 cycles.

The large amount of scatter in the cyclic work and dissipated energy may
be caused by the inaccuracy in the displacement measurements. In order
to improve this, the accuracy of the displacement measurements have to be
improved by using an extensometer during the fatigue tests.

In order to more accurately determine the relation between fatigue life and
dissipated energy, more tests are required to see if the relation between fa-
tigue life and total dissipated energy is indeed linear.

Energy dissipation behaves differently at higher stress ratios, therefore in or-
der to investigate the effect of stress ratio on energy dissipation, fatigue tests
have to be performed at multiple stress ratios. Increasing the stress ratio
could also remove the acoustic emission hits caused by friction based mech-
anisms, improving the acoustic emission data related to damage growth.

In order to relate the acoustic emission features to the damage mechanisms
better, the acoustic emission features could be analysed using pattern recog-
nition software. To compare with the crack growth graph the features could
also be sorted using the cycles at which they appear instead of the loads. Be-
cause amplitude depends on the distance between sensor and the acoustic
event, using frequency based analysis instead of amplitude based analysis
could improve the damage characterisation with acoustic emission.
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