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Abstract

The aerospace industry has made the transition from aluminium to carbon fibre composites on the
newest, most advanced aircraft. One of the main disadvantages of composites is its high susceptibility
to impacts, such as tool drops which occurs on a single point of impact. As such, these types of im-
pact have been thoroughly studied. Nevertheless, a much less studied phenomenon but with possible
catastrophic consequences is the effect of impacts covering a large area, such as hail. This research,
therefore, investigates the differences between a single point of impact and multiple points of impact
through a purely experimental analysis.

Upon investigating the difference, the research focused on three crucial hail event parameters which
are impact separation, impact energy and the number of repeated impacts per impact location. The
main results revealed that even though the damage response is worse for multiple location impacts,
the overall damage response for hail events can be approximated with the available research on single
point impacts. This observation remains unacceptable because the complete top surface of the aircraft
is damaged and can have serious implications for the structural strength and can cause unexpected
and unknown reductions in aircraft fatigue life.

There are two essential topics for future research which prevail. The first is due to the crushing effect
of hail upon impact and is the the investigation of the difference in damage response of steel and hail
impactors. The second is the investigation of 4-point bending fatigue on a plate impacted in multiple
locations to investigate the damage growth and flexural stiffness. By understanding these additional
matters it will become possible to determine if the new state of the art composite aircraft is susceptible
to hail and if it will have a vulnerable fatigue life. Regardless of the outcome, it remains of utmost
importance to possess this knowledge for the safety of air travel.
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Chapter 1
Introduction

Aviation was thought to be impossible until the two American aviation pioneers known as the Wright
Brothers proved the world wrong in 1903 with their first successful powered flight. Unfortunately, to
arrive at that point they had to learn from the crashes they experienced. Aviation crashes are inevitable
but sometimes happen. However, every disaster or accident contributes to the body of knowledge so
that the same mistake can be prevented in future events.

A prime example of a crash which contributed to the body of knowledge and changed the structural
design of commercial aircraft forever is that of the De Havilland Comet in 1954. It was the first pres-
surised commercial jet airliner but resulted in two fatal crashes only months apart because of metal
fatigue which was recognised but clearly not fully understood. Fatigue cracking was found to start at
a square shaped window and escape hatch. Such sharp corners provide favourable conditions for the
growth of fatigue crack due to high stress concentrations. The unfavourable stress concentration to-
gether with the type of rivets which were used caused the structure to fail at a much earlier stage than
anticipated. As a consequence, the windows were changed into an oval design and the general de-
sign philosophy was changed from safe-life (designed not to fail, not safe if failed) to a fail-safe (failure
allowed to occur but still safe) [1]. The introduction of the De Havilland Comet could only have taken
place if there was confidence in the safety of the product, however it did not turn out well. Now, with the
quest of searching for light but strong materials, the aerospace industry has made a big leap forward to
implementing carbon fibre composite material for aircraft primary structures (e.g. fuselage and wings)
instead of traditional aluminium but skepticism remains concerning its safety.

However, a known drawback of composite material is its susceptibility to impacts which cause up to
80% of damage [26]. For example, during maintenance inspection of an aircraft it could be possible
that impacts occur on top of a fuselage due to a technician accidentally dropping a tool. Such an impact
is called an ’out-of-plane’ impact and such impacts generally cause debonding of layers in composites,
known as a ’delamination’. Delaminations are undesirable because it is damage and according to the
US Department of Defence, delaminations are responsible for 60% of failures in structures [6]. Another
possible scenario is that aircraft standing on the ground suffer through a harsh hailstorm event. This
means that there are out-of-plane impacts along the entire fuselage and wings as opposed to an impact
in one location. Single location impacts such as tool drops are extensively covered in literature but the
damage response is obviously not the same as for multiple impacts in multiple locations and deems
it unsatisfactory. Based on this knowledge gap, this paper launches an investigation into the problem
of hail impact and furthermore, what a hail impacted structure may imply for its remaining fatigue life.
Currently a ’no-growth’ design philosophy is endorsed for composite damage but perhaps as with the
Comet aircraft this philosophy may have to change because the design of the Boeing 787 and Airbus
A350 may have overlooked or oversimplified some critical scenarios.

Since hail has a stochastic impact nature, it must be simplified. To do that, this research applies a purely
experimental approach to investigate and answer three important questions with regard to: the effect
of impact spacing, impact energy, number of repetitions in each location. Furthermore, the research
investigates what the effect of multiple impact locations implies for the structure’s fatigue life. All the
experimental work is based on the top of aircraft fuselages standing stationary on the ground which
classifies hail impacts as low-velocity impacts. By answering the above issues, the research goal is to
present the differences between multiple impact locations compared to single impact locations.
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2 1. Introduction

The report is split up into 4 parts. The first part of this report is a literature review which provides an
understanding of damage in composites, hailstorms and hailstones, and finally an overview of relevant
research performed both inside and outside of Delft University of Technology to present where this
research fits in. Part II explains the methods and choices made for all experiments (methodology),
the results of these experiments (results) and is finalised with a discussion of the results (discussion).
Part III contains the conclusion of the research and the author’s personal recommendations for future
research. Finally, Part IV supplies any supplementary material given in the form of an appendix which
will be referred to in the text where appropriate.



Part I
Literature Review
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Chapter 2
Literature Review

2.1. Damage in UD composites
This research will focus and perform out of plane impacts on composite specimens at a later stage.
However, before reaching that stage a basic understanding of the type of damage that can be expected
and what causes this damage must be present to be able to reason why certain damage is seen at the
later stage of this research. This chapter provides a broad overview of the damage mechanisms which
are commonly seen in low-velocity impacts.

2.1.1. Low & High Velocity Definition
The transition between a low and high velocity impact is vague. Each researcher will have a slightly
different definition of a low velocity impact [29, 30]. This section strives to clarify the difference.

There are four ranges of velocity: low-, high-, ballistic- and hyper-velocity. Ballistic and hyper velocity
concerns military and space applications so these will not be discussed any further. Some define
low-velocity impacts as an impact where a ’stress wave’ propagation plays a role. A high-velocity
impact would then be an impact where the structure does not have the time to respond to stress wave
propagation [29]. In other words, a low-velocity impact causes a dynamical response of the structure
whereas high-velocity impacts do not.

Some define low velocity impacts to be within the velocity range of 1 to 10’s of m sዅ1. Moreover, a low
velocity impact is sometimes also defined as any impact under 100msዅ1 [29]. A suggestion is to judge
if an impact is low or high velocity on the basis of the damage on it caused the structure. That means a
high velocity impacts would penetrate the structure while low velocity impacts cause delamination and
matrix cracking [29].

Later in section 2.2.2 it is seen that when the aircraft is on the ground, the terminal velocity of hail is
below 50msዅ1. Based on the above paragraphs it is seen that 10’s of msዅ1 is considered a low-velocity
impact. Therefore, judging by hail’s terminal velocity and the damage it causes a structure on the ground
(non-penetrative), it is considered a low-velocity impact for the remainder of this research.

2.1.2. Damage formation for LVI
Some of the many parameters that affect the damage response upon impact are discussed in this
section. Each combination of parameters will form a certain damage response, hence it is important
to understand each parameter individually as is provided here. The entire discussion is based on
low-velocity impacts.

Damage Initiation Site and Propagation
The thickness of the laminate can determine the location of damage initiation. Thick laminates experi-
ence damage initiation near the vicinity of the impact location, the front side. Damage grows from the
top towards the bottom in a pyramid formation. Thin laminates experience damage initiation near the
tensile side of the laminate, on the back side. For thin laminates, damage grows from the back side
towards the front side in an inverse pyramid formation [11, 14, 29]. The damage growth morphology is
presented in fig. 2.1.

Matrix Cracking
A matrix crack is the first damage to be created under LVI. These cracks run through the thickness and
parallel to the reinforcement of layers. These cracks occur due to material properties mismatch but

4



2.1. Damage in UD composites 5

(a) Thick laminate: pine tree damage pattern.

(b) Thin laminate: reversed pine tree damage pattern.

Figure 2.1: Damage propagation in thick and thin laminates [11].

also because of exceedingly high tension and shear stresses (explained below). Fortunately, matrix
cracks are confined within the thickness of layers of the same orientation because adjacent layers of
different orientation arrest crack propagation [29, 30, 32].

There are in general two types of matrix cracks [29] (see fig. 2.2):

1. Shear cracks: Formed by very high transverse shear stresses by the out-of-plane impactor.
These cracks are formed at an angle of approximately 45°.

2. Tensile cracks: Formed by high tensile forces on the non-impacted side. This is caused by bend-
ing of the plate upon impact. See fig. 2.2a where the tensile crack is the vertical crack on the
bottom layer.

Figure 2.2: Shear and tensile matrix cracks. 90° layer has the reinforcement pointing out of the page.

Delamination
Delaminations are simply stated the continuation of matrix cracks and propagate predominantly be-
tween layers of different orientation, through the so called ’resin-rich’ areas [29]. The picture in fig. 2.2
has indicated delaminations as horizontal lines between layers.

Two essential factors contributing to the onset of delamination are [29, 32]:

• Bending stiffness mismatch between adjacent layers due to different fibre orientations. Larger
orientation mismatch will cause a higher stiffness mismatch

• Bending induced interlaminar stresses.
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Furthermore, delaminations are usually formed in the shape of a peanut. The longer axis of the peanut
is aligned with the fibre direction of the lower layer. When more layers are considered, delaminations
can occur in segments of 45° (in the case layups are stacked in steps of 45°). Each segment (as before)
has its longer axis in the direction of the lower layer. When stacked on top of each other, it creates a
spiral effect [14]. These delamination shapes are presented in fig. 2.3.

(a) ’Peanut’ shaped delamination. Longer axis of
the peanut propagating in the direction of the lower

ply.

(b) 45° segment delaminations. Picture (d) shows
a single layer, followed by (c) showing two layers,
and a complete superposition in (a) of all layers.

Figure 2.3: Delamination shapes seen from impact damage [14].

Fibre Fracture
Fibre fracture can be considered not to happen under LVI. If it does occur, it is either due to a too high
impact energy (on the verge to a high-velocity impact) or at a much later stage which would be after
a very large number of impacts [29]. This damage mechanism may be on the front side (due to fibre
crushing or buckling) and/or the back side (due to exceedingly high tension stress due to bending)
[14, 29].

2.1.3. Damage Variables
The damage response of composite material is extremely sensitive to changes in impact conditions
[36]. The moment one variable changes, the damage response may prove to be completely different.
In fact, according to ASTM standards [8]:

”The response of a laminated plate specimen to an out-of-plane force is dependent upon
many factors, such as laminate thickness, ply thickness, stacking sequence, environment,
geometry, indenter tip geometry, and boundary conditions.”

Furthermore, the following literature [19, 29, 36, 37] provides additional information on some of the
variables listed above by the ASTM standard and other variables which may affect the damage re-
sponse:

• Impactor geometry may change the damage response. E.g. a large impact object with 5 J will give
an overall response, while a small impact object with the same energy of 5 J will give a localised
response.

• Specimen geometry. The geometry may affect energy absorption for low-velocity impacts. Larger
specimens are not guaranteed to be better than smaller specimens.

• Laminate stacking sequence. Fibre orientation steps should be small. Large changes are un-
favourable and cause greater stiffness mismatch. Woven fabrics are more resistant to damage.

• Fibre stress/strain curve with regard to fibre fracture. A large area under the stress/strain curve
results in better energy absorption.

• Specimen thickness. Thicker specimens are able to absorb more energy, hence withstand more
impacts.

It is important to be aware what typical effects are of changing certain parameters. If this is under-
stood, it will be understood which parameters will need to be varied or controlled in the design of future
experiments.
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2.1.4. Quasi-static indentation
Quasi-static indentation is an alternative to drop-weight impact testing for out-of-plane tests. The dif-
ference is that QSI slowly presses a hemispherical head into the surface of the laminate rather than
dropping a weight [8]. The biggest advantage of this test for this research is that the impact energy can
be much better controlled and that the sequence of damage can also be recorded. The test setup can
be seen in fig. 2.4.

Figure 2.4: Quasi-static indentation test setup [8].

The ASTM standards [8] say the following:

”...this test method (quasi-static indentation) does not address wave propagation and vi-
brations in the specimen, time-dependent material behaviour, or inertia-dominated im-
pact events.”

However, even though the difference in wave propagation and vibrations between the two methods,
both the ASTM standards for QSI and drop-weight [7, 8] say it is acceptable to use quasi-static inden-
tation as an alternative to drop-weight tests.

2.1.5. C-scan
More advanced techniques must be used because visual inspection cannot see through the thickness
to detect delaminations. The C-scan is a common inspection method to investigate damage below the
surface. It uses piezoelectric transducers to transmit ultrasonic waves into the part to be inspected.
C-scans make a 2D scan of the inspection area and show where the delamination is located and how
big it is [35].

Figure 2.5: C-scan of a simulated hail impacted area [35].



8 2. Literature Review

2.2. Hail Properties
This research is to execute impact experiments based on real life hail characteristics in order to deter-
mine if hail causes a threat to composite structural integrity. The required hailstorm knowledge for the
experiments in the later stage of this research are hail impact energy and hail impact surface morphol-
ogy. Both topics are explored in more detail below.

2.2.1. Density
Hailstone density is not always comparable to solid ice (917 kgmዅ3), its density varies significantly from
hailstorm to hailstorm for all dimensions of hailstones. An EASA hail report has summarised hailstone
densities according to hailstone dimension. Hailstone densities were found to vary between 310 kgmዅ3

to 915 kgmዅ3 for sizes between 8mm to 39mm [19]. The results are presented in fig. 2.6

Figure 2.6: Hail density according to hailstone size [19].

The reason for this variation is due the conditions at which is it formed but this is outside the scope
of the research. However, according to [15] the density of larger hailstones are usually close to the
density of solid ice which may be relevant because it is probably only the larger hailstones which will
cause impact damage.

2.2.2. Terminal Velocity
The velocity at which hailstones impact the ground is called the terminal velocity. First of all, the re-
search is based on aircraft standing stationary on the ground because in-flight impacts have velocities
in excess of 100msዅ1 which is not low-velocity according to section 2.1.1. Furthermore, it is assumed
hailstones impact the ground vertically because the angle is negligible [19].

For perfectly spherical hailstones, the equation used to determine the terminal velocity of a hailstone
is [19]:

𝑉terminal = √
2𝑚hail𝑔
𝜌air𝐴hail𝐶ፃ

(2.1)

where 𝜌hail and 𝜌air are the density of hail and air, respectively. 𝑔 is the acceleration due to gravity. 𝐶፝
is the drag coefficient. 𝐷 is the diameter of the hailstone. 𝑉 is the terminal velocity, the parameter of
interest.
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Figure 2.7: Terminal velocity in function of hailstone size. Gray zone is based on eq. (2.1), a density of 917 kgmᎽ3 and drag
coefficient ranging between 0.5 to 1.5 [19].

Using eq. (2.1) to calculate the terminal velocity with drag coefficients between 0.5 to 1.5, a range
of terminal velocities is calculated for hailstone sizes between 0mm to 80mm which is indicated by
the grey zone in fig. 2.7. Furthermore, empirical observations are indicated in the same figure by the
individual data points. It is seen that the theoretical calculations are a very good approximation of the
terminal velocity.

2.2.3. Hailstone Kinetic Energy
Kinetic energy is a parameter required for any further impact testing in this research. It is a function
of mass and velocity, the ranges of values of these parameters can be extracted from the sections
above. In this section, the kinetic energy is calculated for hailstones with diameters between 0 cm to
10 cm, based on a drag coefficient 𝐶ፃ = 0.5, hailstone density 𝜌 = 900 kgmዅ2, using the eq. (2.1). The
theoretical hailstone impact energy is presented in fig. 2.8.
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Figure 2.8: Kinetic energy as a function of hailstone size.

The values for kinetic energy are relatively low for hailstones ≲ 4 cm, however have a strong increase
as its diameter increases.

2.2.4. Hailpads
Hailpads are commonly used in hail climatology studies and are made of styrofoam (typically of di-
mensions 300mm × 300mm) which records valuable information for this research. Hailpads reveal
hailstorm information such as which size hailstones have impacted the surface, how far hailstones
were separated from each other and the total number of hailstones which have impacted the hailpad.
Three examples of real hailpad surfaces are presented in figs. 2.9a to 2.9c on the next page.
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(a) Hailpad inked black after
impact to be able to see the

dents. The black stripe with the
white balls in the middle are the

calibration balls [16].

(b) Hailpad after being dented
and inked black in Léon, Spain

[16].

(c) Hailpad following from a
hailstorm in Colorado [20].

Figure 2.9: Real impact surfaces.

From the three hailpads above, hail is clearly a stochastic phenomenon which severely complicates the
problem. Moreover, hailstone impacts are of different size, energy and impact separation density. Thus,
simplifying a hailstorm to impacts of constant size, energy and separation is not possible. In summary,
the more variables present themselves the more complicated the experiments are to design.
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2.3. Research outside Delft University of Technology
There has been a vast amount of research performed on out-of-plane impacts. This section has in-
cluded some research that identifies which areas of research have generally been looked at and which
are relevant to this study on hail.

2.3.1. Influence of Repeated Impacts on Delamination Area Growth
The research performed by three researchers at Lublin University of Technology [22] aimed to show
the delamination growth as a function of number of impacts for different materials. For that, glass
and carbon fibre reinforced polymer laminates were compared. Each laminate had dimensions of
150mm × 100mm and a thickness of 1.5mm but with different layups, i.e. the CFRP and GFRP had a
(0ዀ/90ዀ) and (0ኽ/90ኽ) layup, respectively. A total of 5 impacts were performed on each laminate, each
impact at 5 J and with a hemispherical impactor diameter 38.1mm [22].

CFRP showed no visible damage until the specimen was impacted five times at which a crack towards
the surface became visible. GFRP on the other hand showed a delamination after only one impact.
Even though CFRP does not show damage under the surface, delaminations were caused in both
materials after the first impact and propagated with repeated impacts in what seems an almost linear
fashion for this limited dataset, see fig. 2.10.

(a) Images of the impact sites. CFRP (L) and
GFRP (R). a) 1 impact, b) 3 impacts, c) 5

impacts [22].

(b) Damage area seen in the specimens shown in fig. 2.10a
[22].

Figure 2.10: Images of carbon fibre and glass fibre specimens after repeated impacts on the left and the damaged area graph
on the right.

2.3.2. Delamination Growth for Different Thickness Laminates
One of the research goals of the work of Atas, Icten and Küçük [37] aimed at investigating the damage
growth of delaminations upon repeated impacts for laminates of different thicknesses. The research
used quasi-static indentation instead of the traditional drop-tower and its advantages are illustrated in
this section.

All laminates weremanufactured fromwoven glass fabric with thicknesses of 2.70mm, 3.35mm, 4.05mm,
5.05mm and 5.75mm i.e. 8, 10, 12, 16 and 18 layers, respectively. A high fibre volume fraction similar
to that of the aerospace industry was obtained, that is 𝑉 ≈ 0.58 [37]. Furthermore, each laminate was
impacted with 20 J (≈ 46mm sized hailstones) until perforation occurred.

As described in section 2.1.4, force-deflection curves reveal the sequence of damage. For example,
upon the first impact, two peaks are seen in the force-deflection curve on the ascending part. The
first peak refers to the dent created on the surface and the second peak is the maximum contact
force [37]. Furthermore, the slope of the ascending part also reveals the bending stiffness. In other
words, if the slope decreases then so does the bending stiffness. The first impact is illustrated for the
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laminate of 16 layers in fig. 2.11a. Upon impacting this laminate until perforation, it is seen that the
bending stiffness remained fairly constant until the 60th impact and decreased immensely towards the
last 133rd indentation when perforation occurred, see fig. 2.11b.

(a) Force-deflection curve. (b) Force-deflection curve for multiple impacts.
Perforation at 133 impacts.

Figure 2.11: Force-deflection curves for 16 layer laminates impacted with an impact energy of 20 J [37].

Different thickness laminates were tested and their delamination area was recorded as well. The delam-
ination area growth shows that thicker laminates were able to withstand more impacts until perforation.
The trend also indicates that delamination area growth decreases with increasing number of impacts.
The delamination area progression is shown in fig. 2.12 for the different thickness laminates. The de-
lamination growth shown in fig. 2.12 shows that the delamination growth rate is not unique to a certain
laminate but is in general a slow phenomenon.

Figure 2.12: Damage progression for composite plates with different thicknesses and layups [37].
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2.3.3. Effect of Impactor Material
The study performed by the North Dakota State University [27] investigated the difference between im-
pactor materials ice and aluminium. The impacted specimens were then put under constant amplitude
tension fatigue tests.

The material used for these specimens was CFRP with a layup of [45, 0, -45, 90]ኼ፬ and dimensions
of 254mm × 76.2mm. Ice impactors had diameters equal to 25.4mm and 38.1mm, impacted at 7.1 J
and 27.4 J, respectively. Aluminium impactors had a smaller diameter equal to 12.7mm, impacted with
the same impact energies as those for ice. The specimens were impacted only once [27]. Only the
aluminium impact of 27.4 J caused delamination damage.
To investigate post-impact fatigue life, the specimens (including a non-impacted virgin specimen as
a reference point) were cyclically loaded. It was found that all specimens provided the same fatigue
life as the virgin specimen, except for the 12.7mm 27.4 J aluminium impactor as shown in fig. 2.13
[27].

Figure 2.13: Post-impact S-N curves according to impactor material [27].

The results are not what would be expected. It was expected that even the 7.1 J impacts would cause
damage. Other research have shown damage with lower levels of impact energy and a similar sized
impactor diameter. Remember that the size of the impactor plays an important role in the damage it
creates, see section 2.1.3.

This research is important to future research as it makes aware that impactor material/size may play a
crucial role in the damage response of a laminate. This research also showed that if damage is inflicted,
the fatigue life suffers.
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2.4. Research at Delft University of Technology
Research outside Delft University of technology is predominantly limited to single location impacts.
Due to this limitation, the research performed at the department of Aerospace Engineering at Delft
University of Technology has shifted its focus towards multiple impact locations. This section presents
a summary of the most relevant results.

2.4.1. Through-thickness Damage Response
Huber [21] performed repeated impacts on two locations and investigated the damage response through
the thickness of the laminate. The two locations were separated with a distance of either 15mm or
20mm which is indicated in fig. 2.14 by the two black dots on the centre line. The report unfortunately
did not come up with concrete conclusions on what the effect of impact location separation has on the
damage response. Nevertheless, the analysis of the results proved interesting because of through the
thickness microscopic images.

Figure 2.14: Impact map to determine the interaction between impact location distance and impact fatigue. The two black dots
indicate the impact location, these may be either 15mm or 20mm [21].

The laminates were made of carbon fibre reinforced polymer, had dimensions of 123mm × 123mm
and a layup of [45,-45,0,90,45,-45,0,90]፬ with a thickness of 1.5mm. The specimens were impacted
with 4 J to 6 J using a drop-tower. According to fig. 2.8 in the previous chapter, a 4 J impact is equivalent
to a hailstone with a diameter of 30mm.

By optical microscopy it was observed that delaminations occurred rather fast. After only two 4 J im-
pacts, a delamination occurred in the topmost interface of the laminate. After 4 impacts, a much larger
portion of the thickness was delaminated. Finally after 8 and 12 impacts, delamination jumps between
layers were seen and the delaminated interfaces worsened. The optical microscopy images are pre-
sented in figs. 2.15a to 2.15d.

(a) 2 impacts (b) 4 impacts (c) 8 impacts (d) 12 impacts

Figure 2.15: The effect of repeated impacts on a CFRP. Impact locations at 15mm and at 4 J each [21].
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2.4.2. Impact Damage Link-up
In contrast to the work of Huber which looked at damage growth microscopically, this research per-
formed repeated impacts in 7 locations, investigated delamination area growth (2D) and link-up. Link-
up refers to the joining of delaminations from two separated impacts (explained in more detail below).
The experiment impact map is illustrated in fig. 2.16.

Figure 2.16: Impact surface map used by Laurencon to investigate the effect of multiple impacts in multiple locations [28]. Blue
dots indicate the impact locations.

TheCFRP specimen plates had dimensions of 430mm× 430mmand a laminate layup of [0,90,45,-45]፬
with a plate thickness of ≈ 1.2mm. The impact energy was varied in the range of 2 J to 8 J, that corre-
sponds to hailstones with a diameter of 26mm to 36mm. Delamination damage was recorded through
c-scans which offer the ability to track damage growth without the need to cut open the specimens as
with those of Huber.

The c-scans revealed that delaminations were caused already after one impact. After the first jump
in delamination area, there was little damage growth. The affected area then suddenly increased
dramatically after about 14 impacts in all locations, see fig. 2.17. The dramatic increase in delamination
area is what is referred to as ’link-up’.
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Figure 2.17: 2D images of the results obtained from repeated low energy impacts in a hexagon shape. The results obtained by
the C-scan show that delaminations at impact location link up to delaminations at other impact locations [28].

The link-up phenomenon is important to consider for hail impact experiments. A hail impacted surface
contains closely spaced impacts which might result in ’link-up’ which could delaminate large portions of
a composite plate. This may have negative consequences on fatigue life and residual strength.



Chapter 3
Research Questions

The literature review has made clear that past research focused predominantly on single and repeated
impacts in a single location. However, hail is a problem of single/repeated impacts inmultiple locations.
Hence, the research questions presented here shift the focus towards multiple locations.

Furthermore, hailpads show a stochastic impact distribution which complicates the attempt at under-
standing the effect of impacts in multiple locations. There is too few available data on hailstorms and
hailpads to base this research on, so the problem must be broken down into a deterministic approach
which produces knowledge that can be applied to any impacted surface.

Even though hailpad surfaces show a stochastic hailstone distribution, three observations which are
inherent to all hailpads are:

• Impacts are spaced at random distances from each other

• Every hailpad reveals a different number of impacts depending on the hailstorm

• Hailstones impact the surface with different impact energies

The hope is that if the above three relations are understood deterministically then it will be easy to
apply this knowledge to an entirely impacted fuselage to produce an indication of the damage that was
done.

Based on the above, the first three research questions are:

1. What is the effect of impact spacing on the damage response of the laminate?

2. What is the effect of repeating impacts on the damage response of the laminate?

3. What is the effect of impact energy on the damage response of the laminate?

Understanding the damage response created by the three hailstorm parameters is one aspect. How-
ever, taking it one step further brings the research to investigating its remaining fatigue life. Hence,
one additional research questions is posed:

4. Does impact damage propagate by mechanical fatigue loading the specimen?

The above 4 research questions should give insight on what is important and should be considered in
further research as well as if a hailstorm can reduce the service life of a composite aircraft.

16
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Chapter 4
Methodology

This research is based on a purely experimental approach and this chapter introduces all the experi-
ments performed which are designed to answer the research questions in the previous chapter. More
specifically, the choices for the test setup and experiment design for the impact and fatigue tests are
described below.

4.1. Chapter Structure
The experiments were divided into 6 ’series’ with each series based on one of the research questions
described in chapter 3. For example, there is the ’E-series’ where the E stands for Energy hence this
looks into the effect of impact energy on the damage response. The series abbreviations are explained
below:

• S-series: Spacing-series or, effect of impact spacing on the damage response.

• L-series: Link up-series or, the investigation of when link-up occurs. Continuation of S-series.

• O-series: Orientation-series or, effect of impact location orientation on the damage reponse. Sec-
ond continuation of S-series.

• R-series: Repeated-series or, effect of repeated impacts on the damage response.

• E-series: Energy-series or, effect of impact energy on the damage response.

• F-series: Fatigue-series or, effect of mechanical fatigue on the damage response.

Furthermore, each series is explained by three parts which are the ’impact surface’, ’impact energy’
and ’number of impacts per location’. The impact surface refers to where on the specimen impacts are
located, as shown in fig. 4.1. Furthermore, each series impacts the specimens with a specific impact
energy which is referred to as ’impact energy’. Finally, each impact location shown in the impact pattern
is impacted a specific number of times which is explained by the ’number of impacts’.

Figure 4.1: Test specimen configuration example. Triangular impact pattern, black circles indicate the impact locations which
are for example, each impacted 5 times with an impact energy of 6 J. The ’clamp edges’ are the parts of the specimen which
are clamped by the test clamp which is explained later in section 4.3. Finally, the black circles have a diameter of 3 cm which is

the diameter of the impactor.

18
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4.2. Key Definitions
As there are many new terms in this research area, the remainder of the report uses phrases and
terms which may not always be self-explanatory. To avoid any confusion, the most important terms are
explained below.

• ’Delamination area’ - The 2D delamination area as seen from the top of the specimen.

• ’Delamination long axis’ - Delaminations usually present themselves in an oval/peanut shape.
The long axis is the longer dimension of this oval.

• ’Delamination short axis’ - Same as the previous but now this is the shorter side of such an
oval.

• ’Link-up’ - to understand this best, please refer to fig. 2.17. When referring to the figure, a small
initial jump in delamination area is seen that corresponds to the 1st to 3rd impacts. Upon the 15th
impact there is a second, larger jump. This big jump is what is referred to as ’link-up’, the sudden
growth of delaminations towards each other.

• ’One impact in a one location’ - A ’location’ is the point of impact. Hence, one impact in one
location means that this point of impact is impacted only once.

• ’Repeated impacts in a one location’ - The same as the previous definition, however this single
point of impact is impacted multiple times in the exact same location.

• ’One impact in multiple locations’ - This means that there is more than one point of impact.
Each point of impact is impacted only one time.

• ’Repeated impacts in a multiple locations’ - The same definition as above, but every point of
impacted is impacted multiple times.

4.3. Experimental Setup
ASTM clamps (as shown in fig. 4.2) are often used for low-velocity impacts, however these do not satisfy
the purpose for multiple location impacts due to the cutout area and inconsistent/unreliable clamping
conditions (read appendix A for more information on the ASTM clamps). Hence, a redesigned clamp
which satisfies the needs for this research was designed.

(a) ASTM support fixture for drop-weight experiments. (b) ASTM support fixture for quasi-static experiments.

Figure 4.2: ASTM support fixtures [7, 9].

The redesigned, improved clamp was based on a fuselage bay which is the area between two stringers
and two frames, as shown in fig. 4.3. The centre of the hatched area indicates the area of interest for
this research which was chosen to avoid impact conditions such as impacts next to a stringer and had
dimensions of 150mm × 300mm. The width of the specimen was set at 150mm because this was the
maximum width to fit in the fatigue bench for further fatigue testing.



20 4. Methodology

Figure 4.3: Estimate dimensions of a fuselage bay. Hatched area indicates the research space/specimen dimensions.

Furthermore, the stringer edges were assumed to be clamped edges (with bolts) while the other two
edges were clamped only by friction to recreate a bi-axial stress state while also allowing movement.
The final test specimen and test clamp configurations are shown in fig. 4.4 where the hatched areas
indicate the hatched area from the fuselage bay in the previous figure, fig. 4.3.

Figure 4.4: Test specimen (far left) and the test clamp containing the test specimen. Test specimen clamped by bolts on the top
and bottom, not on the vertical sides.

Assuming the bolts are all torqued to the same amount, this test clamp is able to satisfy consistent
boundary conditions for all tests. Furthermore, the clamp offers enough space to examine the effect of
multiple impact locations.

Furthermore considering the specimen material, composites are available in many configurations such
as uni-directional/woven layers or the type of fibre/matrix material, etc. Unfortunately, the exact material
and the fuselage layup for composite aircraft such as the Boeing 787 were unknown to base thematerial
choices on. The research must therefore assume similarities of the Boeing 787 to aircraft with similar
fuselage dimensions such as the Boeing 777.

Fortunately, it was known that the Boeing 787 is made from uni-direction carbon fibre polymer layers.
However, the correct matrix material, carbon fibre material or layup remained unknown. Hence, the ma-
terial choice reduced to the material available at Delft University of Technology. This material is called
’Delta-Tech 120’ which is UD carbon fibre prepreg with material specifications shown in table 4.1.

Furthermore as mentioned above, the layup used on the Boeing 787 was unknown but is assumed
similar to the skin thickness of the Boeing 777 which is in the range of 2.0mm to 2.3mm [38]. Given
that a DT120 cured layer has a thickness of 0.156mm, the choice was made to use a 16 layer laminate
with a total thickness of 2.5mm which is comparable to that of the Boeing 777.
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Table 4.1: Delta-Tech 120 UD material properties based on average properties [18].

Mechanical Tests Room Temp.
Tensile Strength (0°) [MPa] 3010
Tensile Modulus (0°) [GPa] 145
Tensile Strength (90°) [MPa] 39
Tensile Modulus (90°) [GPa] 6.4
Compression Strength (0°) [MPa] 1020
Compression Modulus (0°) [GPa] 133
Compression Strength (90°) [MPa] 138
Compression Modulus (90°) [GPa] 8.1
In-Plane Shear Strength [MPa] 95.6
In-Plane Shear Modulus [GPa] 3.4

Furthermore, the layup was chosen as quasi-isotropic, symmetric and balanced based on the complex
and large number of load-cases that the fuselage must be able to endure. The 16 layer stacking
sequence provided in the ASTM standards is also used for this research, which is equal to
[45, 0, −45, 90, 45, 0, −45, 90]S with laminate properties listed in table 4.2 and the layup fibre directions
shown in fig. 4.5 [9].

Table 4.2: Laminate properties based on average properties presented in table 4.1.

Mechanical Tests Room Temp.
Tensile Modulus (0°) [GPa] 59.1
Tensile Modulus (90°) [GPa] 59.1
In-Plane Shear Modulus [GPa] 2.03
Ply Thickness [mm] 0.156
Laminate Thickness [mm] 2.5

Figure 4.5: Test specimen on the left and the fibre directions shown on the right.
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4.4. E-series: Effect of Impact Energy
Moving on to the impact experiments, the primary goal of the E-series was to determine the relation be-
tween impact energy and delamination area. The E-series was introduced on the basis of the following
research question:

• What is the effect of impact energy on the damage response of the laminate?

To determine the relation of interest, an impact surface with a single impact location in the centre of the
specimen would be sufficient. However, more information and tests can be performed from the large
available surface area of the specimen. Therefore, the E-series was assigned a secondary goal, i.e.
to investigate at which impact spacing link-up appears.

To satisfy both the E-series’ goals there were in total 5 impact locations spaced on a line in the middle
of the specimen with impact spacings equal to 3.75mm, 7.5mm, 15mm and 30mm as illustrated in
fig. 4.6. However, if link-up would occur between the impact locations it would not be possible to record
the delamination size of a single impact which is required for the primary goal of the series. To avoid
this problem two c-scans must be made, one c-scan after the 1st impact in order to record a single
delamination and a second c-scan after the 5th impact in other to record any link-up.

Figure 4.6: Impact surface for E-series experiments.

With the goal of obtaining a relation between delamination area and impact energy, a range of impact
energies was required. There were in total 7 different impact energies tested, i.e. 3 J, 6 J, 9 J, 12 J, 15 J,
25 J and 35 J. Furthermore, a ’one impact per location’ philosophy must be used because otherwise it
is not possible to extract the delamination size corresponding to the specific impact energy.

In summary, there were in total 7 experiments with two variables, i.e. the impact energy and impact
spacing/separation. These tests are summaried in the test matrix which is presented in table 4.3.

Table 4.3: E-series test matrix. Test variables are: impact energy and impact spacing/separation.

Test No. Spacing Energy No. locations No. Impacts / Location
[mm] [J] [-] [-]

E.1 3.75, 7.5, 15, 30 3 5 1
E.2 3.75, 7.5, 15, 30 6 5 1
E.3 3.75, 7.5, 15, 30 9 5 1
E.4 3.75, 7.5, 15, 30 12 5 1
E.5 3.75, 7.5, 15, 30 15 5 1
E.6 3.75, 7.5, 15, 30 25 5 1
E.7 3.75, 7.5, 15, 30 35 5 1
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4.5. R-series: Effect of Impact Fatigue
Hailpads reveal that hailstones occasionally overlap each other. The overlapping of hailstones is re-
ferred to as the repetition of impacts (also known as ’impact fatigue’) which led to the R-series experi-
ments where the following research question was considered:

• What is the effect of impact fatigue loading on the damage response of the laminate?

There were in total two experiments in the R-series, i.e. R.1 and R.2. R.1 investigated the damage
response of a laminate upon impacting the specimen an extensive number of times andR.2 investigated
the difference in damage response by an impact pattern which was impacted 5 times per location
(performed in the S-series) opposed to the same impact pattern impacted once in every location.

Starting with experiment R.1, a ’repeated impacts in one location’ philosophy was maintained. Hence,
a single impact location in the middle of the specimen was used for its impact pattern as shown in
fig. 4.7a. Using this configuration, the damage growth due to repeated impacts is able to be recorded
by c-scanning the specimen a number of times. Furthermore, the number of impacts was limited to the
feasibility of operating the machine manually since it was not possible to do it automatically. A total of
225 impacts were performed with all impacts performed at 6 J.

(a) R.1: Centre impact
location.

(b) R.2: Same as S.4,
triangular impact
configuration.

Figure 4.7: Impact surfaces for the R-series experiments.

Moreover, the second experiment (R.2) had the same impact pattern as the test in the S-series with
the smallest impact spacing (S.4) in order to explore the difference between the damage response of
such a pattern between repeated and single impacts. As mentioned above, this test adopted a ’one
impact per location’ philosophy. The impacts performed were with the same impact energy as in S.4
and R.1, which was 6 J per impact.

In total, two experiments were performed in this R-series with two test variables, i.e. the number of lo-
cations and the number of impacts. The tests are presented in the test matrix shown in table 4.4.

Table 4.4: Impact fatigue loading test matrix with test variables: impact spacing and number of impacts.

Test No. Spacing Impact Energy No. locations No. Impacts
[mm] [J] [-] [-]

R.1 N/A 6 1 225
R.2 15 6 3 1
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4.6. S-series: Effect of Impact Spacing
The impact surface due to hail has a stochastic nature i.e. some impacts are spread further apart than
others. This series’ goal was to explore the effect of impact spacing (an effect such as ’link-up’), based
on the following research question:

• What is the effect of impact spacing on the damage response of the laminate?

The stochastic impact surface nature causes complexity in designing the S-series experiments because
it is unfortunately not possible to test a stochastic impact pattern with the available technology at Delft
University of Technology. Furthermore, testing such an impact pattern may hinder understanding the
damage mechanisms and damage responses observed.

Instead, an equilateral impact triangle was chosen as illustrated in fig. 4.8. There were in total four
equilateral triangle impact surfaces with different dimensions, i.e. 30mm, 45mm, 60mm and 15mm.
It is not by coincidence that the fourth impact pattern had a lower spacing value than the previous three
which came as a result of the observations originating from the first three which is explained later in
the results section (section 5.5).

(a) S.1: 30mm. (b) S.2: 45mm. (c) S.3: 60mm. (d) S.4: 15mm.

Figure 4.8: Equilateral triangle impact surfaces for the S-series experiments.

Furthermore, the lower impact energy threshold to cause damage was recorded at 5.8 J during the
primary test which is explained in more detail in appendix A. Continuing with this threshold, the S-series
proceeded its experiments with a rounded value of 6 J. Moreover, an arbitrary number of impacts per
location was set at 5 due to insufficient knowledge on the repetition of impacts at the time.

Hence, there were a total of 4 experiments in the S-series. The only variable in the S-series was impact
spacing. The details of each experiment are summarised in table 4.5.

Table 4.5: S-series, impact spacing test matrix. Test variable: impact spacing.

Test No. Spacing Impact Energy No. locations No. Impacts / Location
[mm] [J] [-] [-]

S.1 30 6 3 5
S.2 45 6 3 5
S.3 60 6 3 5
S.4 15 6 3 5

4.7. L-series: Required Spacing for Link-Up (S-series Cont’d)
The L-series served as a continuation in the investigation of impact spacing. More particularly, this
series looked into the minimum spacing required for delamination link-up without the repetition of im-
pacts.
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The impact pattern consisted of 3 impact locations positioned on a straight line as presented by the
drawings in fig. 4.9. The total of the 6 experiments adopted the same impact energies as the E-series,
i.e. 6 J, 9 J, 12 J, 15 J, 25 J and 35 J with the exception that 3 J was excluded because it does not cause
damage. Furthermore as mentioned in the previous paragraph, all impact locations were impacted only
once.

The E-series provided delamination sizes for the above mentioned impact energies. Hence, the impact
locations were spaced at a distance of the long-axis of the delamination. The reason for spacing im-
pacts at a distance of the long-axis was because delaminations have seen to link-up when the distance
between the impact locations is equal to the long-axis of one delamination (in the case both delamina-
tions are created by the same impact energy). Moreover, to determine if the long-axis is the true upper
spacing threshold, a third impact is positioned at 110% of the long axis.

(a) L.1: 6 J. (b) L.2: 9 J. (c) L.3: 12 J.

(d) L.4: 15 J. (e) L.5: 25 J. (f) L.6: 35 J.

Figure 4.9: Impact surfaces for the L-series experiments.

In this L-series the only two test variables were the distance between impacts and the impact energy.
The specifics of each experiment is presented in table 4.6.

Table 4.6: L-series test matrix. Test variables were impact spacing and impact energy.

Test No. Spacing (L.A., 1.1⋅L.A.) Energy No. locations No. Impacts / Location
[mm] [J] [-] [-]

L.1 14.8, 16.3 6 3 1
L.2 20.1, 22.1 9 3 1
L.3 23.9, 26.3 12 3 1
L.4 27.4, 30.1 15 3 1
L.5 32.4, 35.6 25 3 1
L.6 37.8, 41.6 35 3 1
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4.8. O-series: Effect of Impact Orientation (S-series Cont’d)
The final series on impacts was the O-series which was also a continuation of the S-series. The L-
series exposed a hint of delamination directionality which triggered the onset of the O-series which
investigated the effect of positioning/orienting impact locations at an angle.

Delaminations expose a long-axis bias in the −45° direction. Hence, the straight impact pattern in the
previous L-series now has its long axis positioned along the −45° line and its short axis positioned
along the 45° line. Furthermore, two impact energies were tested, i.e. 15 J and 35 J. Finally as for the
previous L-series, each test had 3 impact locations each impacted only once. The impact surfaces are
shown in fig. 4.10.

(a) Reference frame (b) O.1: 15 J (c) O.2: 35 J

Figure 4.10: Impact surfaces for the O-series experiments.

The experiment choices and variables for the O-series are summarised in the test matrix presented
in table 4.7. There were in total two experiments and two variables which were impact spacing and
energy.

Table 4.7: O-series test matrix. Test variables were impact spacing and impact energy.

Test No. Spacing Impact Energy No. locations No. Impacts / Location
[mm] [J] [-] [-]

O.1 21.4, 26.5 15 3 1
O.2 30.1, 42.1 35 3 1

4.9. F-series: Effect of Mechanical Fatigue
There were two impacted specimensmechanically fatigued in tension to investigate delamination growth.
This series is based on the following research question:

• Does impact damage propagate by mechanical fatigue loading the specimen?

The first experiment design choice considered the number of fatigue cycles which was once again
based on the application of the Boeing 787. The Boeing 787 is designed to be able to sustain 66 000
flights (cycles), hence the experiments will adopt this number of cycles [12].

Furthermore, the cabin pressure must be known to calculate the load in the fuselage skin. Each flight
must be able to withstand a peak cabin pressure at cruise altitude of 12 000m with the cabin doors
of a Boeing 787 closing at 1830m [4]. The cabin pressure at this altitude is equal to (using the static
atmospheric model, ISA):

𝑃ኻዂኽኺm = 81.2kPa
𝑃ኻኼኺኺኺm = 19.3kPa

} 𝑃cabin = 81.2 − 19.3 = 61.9kPa (4.1)
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Furthermore, a simplistic model is assumed where the fuselage stringers hold the longitudinal loads,
the frames maintain the shape of the fuselage and the skin holds the cabin pressure and shear loads
[3]. Hence, it is assumed here that the skin is loaded only in tension due to the cabin pressure.

Moreover, to calculate the maximum cabin stress, the fuselage radius and skin thickness is required.
The Boeing 787 has a diameter of 𝐷 = 5.74m [4] and the fuselage skin thickness was assumed equal
to the thickness which was previously agreed on, = 2.5mm. Lastly, assuming the fuselage to be a
pressure vessel the hoop stress is used since it is twice as large as the longitudinal stress and hence
considers the worst case scenario.

𝜎max (hoop) =
𝑃cabin𝑅
𝑡 = 61.9kPa ⋅ 2.87m

0.0025m ⟹ 𝜎max (hoop) = 71MPa (4.2)

There were in total 2 specimens tested. The first specimen was fatigued at 71MPa which was c-
scanned both at 66 000 and 132 000 cycles. The additional 66 000 cycles were introduced to investigate
the damage progression with more cycles. The second specimen was fatigued at 142MPa but only
up to 66 000 cycles to investigate the damage progression at a higher fatigue load. The tests are
summarised in table 4.8.

Table 4.8: Mechanical fatigue test matrix. Cyclic loading done at 10Hz.

Test No. Stress Ratio, R Max. Stress, 𝜎max No. Cycles
[-] [MPa] [-]

F-S.3 0.0 71 132000
F-S.1 0.0 142 66000

Important to mention is that composites under fatigue loading tend to suffer from loading frequencies
higher than 20Hz [2]. The reason for this is because heat is built up which may soften the matrix
material and can more easily trigger the onset of damage. For this reason the frequency of the fatigue
tests was reduced to a conservative value of 10Hz.



Chapter 5
Results

5.1. Results Structure
There were in total 6 series of experiments (S, E, R, L, O and F), each having their own research focus.
However, some series were used to investigate two topics, each topic belonging to another research
question. The results have been organised by research question with the results of each series divided
under the appropriate research focus.

For example, the E-series have contributed to both the effect of impact energy and the effect of spacing.
Hence, E-series results will be discussed in both the effect of impact energy section and the effect of
spacing section (see sections 5.3 and 5.5).

Furthermore, each section first analyses the c-scans made of the specimens which show any delamina-
tions followed by the processed data based on those c-scans. Where applicable, also somemicroscopy
images are presented at the end of each section.

5.2. Reading C-scans and Microscopy images
C-scans are fairly simple to understand, however a drawing is made to clarify. Furthermore, all c-
scans provided in this report were made of the entire specimen. The points of attention are indi-
cated in fig. 5.1b. Additionally, to better understand the results later, the fibre directions are shown
in fig. 5.1a.

(a) Fibre directions (b) C-scan example

Furthermore, the original specimens as in fig. 5.1b were cut open for optical microscopy observations.
To understand what part of the specimen is cut open, refer to the cutting plans of the specimens in
fig. C.2. Furthermore, the picture in fig. 5.2 shows where the impact site, delaminations and delamina-
tion layer jumps are to be found.

Figure 5.2: Microscopic image example

28
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5.3. Effect of Impact Energy
The effect of impact energy concern is based on the E-series experiments. This section provides the
results for the third research question which was formulated as:

• What is the effect of impact energy on the damage response of the laminate?

5.3.1. C-scans
Upon comparison of the 7 c-scans, a clear increase in delamination area is shown as impact energy
increases. Starting with the lowest impact energy, the 3 J test revealed merely small dents. Moving
towards higher impact energies there is a gradual increase in delamination area. Noticeable on the c-
scans is, the larger the delamination the more pronounced the directionality of a delamination. Based
on location 1, the preferred delamination directions are −45° and 90° which is seen on the c-scans in
fig. 5.3.

(a) Reference frame. (b) E.1 - 3 J, 1 / location.

(c) E.2 - 6 J, 1 / location. (d) E.3 - 9 J, 1 / location.

(e) E.4 - 12 J, 1 / location. (f) E.5 - 15 J, 1 / location.

(g) E.6 - 25 J, 1 / location. (h) E.7 - 35 J, 1 / location.

Figure 5.3: E-series c-scans for E.1-7.
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The remaining impacts (impacts 2 to 5) on the right hand side are analysed later in the section on
spacing (presented in section 5.5).

5.3.2. Processed data
As mentioned before, the specimens were c-scanned twice, the first c-scans were made after impact
’1’ was performed and the second c-scans (which are displayed in fig. 5.3) were made after the other
impacts 2 to 5 were also performed. By quantifying the qualitative c-scan delaminations with a short-
and long-axis and a delamination area it is possible to compare them to each other and identify trends.
The characteristics are calculated based on the first c-scans to avoid other impacts possibly affecting
the first impact.

These characteristics were calculated using MATLAB written software to ensure consistency in mea-
surements (the MATLAB software is explained in appendix C.4). The characteristics are presented in
table 5.1 and the delamination area trend is plotted in fig. 5.4. The figure illustrates that delamination
area approximately follows a square root equation. The graphs for the short- and -long axes and the
ratio are presented in appendix C.1.

Table 5.1: Delamination characteristics for E-Series.

Impact Energy [J] 3 6 9 12 15 25 35

Area [mm2] 0.0 154.0 259.0 378.4 462.4 667.2 909.0
Short Axis [mm] 0.0 13.2 16.4 20.1 21.4 26.2 30.6
Long Axis [mm] 0.0 14.8 20.1 23.9 27.5 32.5 37.9
Short/Long [-] - 0.89 0.81 0.84 0.78 0.80 0.80
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Figure 5.4: Delamination area relation as a function of impact energy. Both the experimental data points and best fit trend are
presented.

5.3.3. Optical Microscopy
The 7 specimens have also been cut into smaller specimens to analyse the damage through the thick-
ness of the laminates. All specimens are looked at from the same perspective (the specimen cutting
plans for E.1-7 are shown in appendix C.2, figs. C.2a to C.2g). Figure 5.5 presents the 6 microscopy
images. The optical microscopy image of E.1 is treated in section 5.4.3 because it considers impact
fatigue instead.

The largest delaminations occur predominantly on the interface between the −45° and 90° layers. This
is called the preferred interface because delaminations are seen to grow towards it and once there,
they continue to propagate further on the same interface. This observation becomes more apparent
the higher the impact energy.
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(a) E.2 - 1 impact at 6 J.

(b) E.3 - 1 impact at 9 J.

(c) E.4 - 1 impact at 12 J.

(d) E.5 - 1 impact at 15 J.

(e) E.6 - 1 impact at 25 J.

(f) E.7 - 1 impact at 35 J.

Figure 5.5: Microscopy images to illustrate effect of impact energy. Pictures to scale.

5.4. Effect of Repeated Impacts
The results presented in this section arise from both the R- and E-series experiments and show the
effect of repeated impacts on the damage response. The following research question holds for this
section:

• What is the effect of repeating impacts on the damage response of the laminate?

5.4.1. C-scans
Optimally for the R.1 experiment that repeated impacts up to 225 times, a c-scan would have been taken
every few indentations to record delamination growth. However, due to the labour intensive process
of creating one c-scan this was not possible. Instead, c-scans were taken after the 150th and 225th
impact and were combined with c-scans of other series, i.e. a c-scan of 1 impact at 6 J (E.2, presented
previously in fig. 5.3c) and a c-scan of 5 impacts at 6 J (S.2, presented later in fig. 5.12b).

The c-scans presented in fig. 5.6 shows that delamination area increases with repeated impacts in a
stable manner, i.e. no abrupt delamination growth is observed. Furthermore it is seen that the impacts
in figs. 5.6a and 5.6b are not positioned in the centre. Arguably, these experience different impact
conditions compared to R.1 where the impact is positioned centrally. Comparing the delamination areas
calculated later (see table 5.4) shows negligible differences which do not affect any of the conclusions
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or observations.

(a) Red dash-lined box shows E.2 - 1 impact. (b) Red dash-lined box shows S.2 - 5 impacts.

(c) R.1 - 150 impacts (d) R.1 - 225 impacts

Figure 5.6: C-scans of impacted spacing tests.

5.4.2. Processed Data
The delaminations shown in fig. 5.6 are quantified for all four c-scans using the sameMATLAB software
as in the previous section. The quantified data reveals delamination area growth in the form of a
power equation. Moreover, the delamination area growth rate decreases with an increase in number of
impacts. This means that from the 1st to the 2nd impact, there is a larger increment in area compared
to that of the 2nd to the 3rd impact. The data is graphed in fig. 5.7 and some data points are also
presented in table 5.2 for clarity.
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Figure 5.7: Delamination area versus the number of impacts including
best-fit trend. RᎴ = 0.9852.

Table 5.2: Delamination area for R.1

Impact Number Area
[-] [mm2]
0 0.0
1 154.0
5 202.4
150 445.7
225 482.3

In contrast to the limited amount of c-scans for area growth data, there is plenty of data for absorbed
energy. The absorbed energy graph (presented in fig. 5.8) shows a rapid drop to a constant value after
about 5 impacts. Although the absorbed energy graph shows consistent values, something unexpected
occurred at the 121st and 151st impacts. These two impacts show two peaks in absorbed energy,
however the reason for only one of them is known. A c-scan was made at the 150th impact and the
repositioning caused an initial jump in absorbed energy due to the material repositioning and the point
of impact being slightly different than before. The reason for the 121st impact remains unknown but is
most likely also due to a small movement in the test setup.
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Figure 5.8: Effect of number of impacts on the absorbed energy per impact.

Table 5.3: Absorbed energy for R.1

Indentation Absorbed Energy
[-] [J]
1 0.88
5 0.20
150 0.12
225 0.14

Comparing the graph for absorbed energy with the graph of delamination area (figs. 5.7 and 5.8), it is
apparent that the biggest jump in delamination area occurs in sync with the biggest jump in absorbed
energy. Plotting the absorbed energy against the increment in delamination area (Δ Area) provides a
quasi-linear trend towards the origin with an increase in impacts shown in fig. 5.9. A coherent relation
is present between the absorbed energy and increment in delamination area. These results show
that there is a clear relation between the amount of damage done and the absorbed energy. This
observation can be a powerful tool in revealing if any damage is done during impact experiments without
the use of c-scans.
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Figure 5.9: Absorbed energy required per ጂArea.

5.4.3. Optical Microscopy
R-series
To investigate the effect of repeating impacts on the through thickness damage, three specimens with
a different number of impacts (but all impacted with the same impact energy) have been cut open
for optical microscopy. The first specimen (E.2) was impacted once, the second specimen (S.2) was
impacted 5 times and the third specimen (R.1) was impacted 225 times. The microscopy images of
these specimens are shown in fig. 5.10.

Strangely, while comparing the microscopy images for 1 and 5 impacts shows that there are less de-
laminated layers for the image of 5 impacts. This result may be counter-intuitive, however, cutting the
specimens was manual work and the cut for the specimen of 5 impacts was made too far from the
impact zone which unfortunately cut away some valuable information for a good comparison.
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(a) E.2 - 1 impact at 6 J.

(b) S.2 - 5 impacts at 6 J.

(c) R.1 - 225 impacts at 6 J.

Figure 5.10: Microscopic pictures to illustrate effect of repeated impacts. Delamination width indicated by the solid vertical
lines. Preferred interfaces indicated by arrows. Pictures to scale.

Essentially, the images reveal that delamination width increases due to repeated impacts. The de-
lamination width grows from 1 to 5 impacts and grows even further outwards from 5 to 225 impacts.
Additionally, as delaminations grow outward due to the number of impacts, the delaminations also
jump between layers to propagate towards the preferred layers where it continues to grow outwards.
The preferred layers are the widest delaminations seen in fig. 5.10 which occur predominantly on the
−45°/90° interfaces.

E-series
Furthermore, there was one specimen in the E-series which did not show delamination due to its too
low impact energy. Hence, the question had arisen i.e. what would happen if repeated impacts at low
impact energy would occur. Perhaps very small delaminations could have been created due to impact
fatigue. The cutting plan for this specimen is shown in fig. C.2a.

The microscopy image of this specimen is shown in fig. 5.11 but shows no hint of damage. However,
remember that the impact zone was at most a few mm wide and cutting the specimen at exactly the
right location was extremely difficult to do manually, hence the complete impact zone might not actually
be shown in this image.

Figure 5.11: E.1 - 1 impact at 3 J.

5.5. Effect of Impact Spacing
Many experiment series contribute to the first research question. The contributing series are the S-,
R-, E-, L- and O-series. The research question regarding the effect of spacing is:

• What is the effect of impact spacing on the damage response of the laminate?

5.5.1. C-scans
S-series
From the total of four S-series tests, only one test showed an effect due to impact spacing. This was
the test with impacts spaced at the closest spacing (15mm, 5 impacts per location at 6 J per impact).
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Even though the other tests show no interaction due to spacing, there was interaction with the clamp
edge, called the ’edge effect’ (seen in both S.2 and S.3). The ’edge’ refers to the clamping point of the
specimen (see fig. 4.4). In other words, the c-scans reveal that the edge can cause abrupt and unstable
advances in damage. These observations are shown in fig. 5.12. Furthermore, the location numbers
which will be used for referring to later in the processed data section are indicated in fig. 5.12a.

(a) S.1 - 30mm, 6 J, 5 / location. (b) S.2 - 45mm, 6 J, 5 / location.

(c) S.3 - 60mm, 6 J, 5 / location. (d) S.4 - 15mm, 6 J, 5 / location.

Figure 5.12: S-series c-scans for S.1-4.

R-series
Previously, it was revealed that the first impact causes the largest increment in delamination area. The
second R-series test (R.2) with the same impact surface as S.4 (illustrated in fig. 5.12d) was tested to
investigate if a ’1 impact per location’ triggers the link-up as that in S.4.

The answer is not clearly visible at first glance because three points of roughly the same size as that
of E.2 are seen. However when carefully investigated, the two vertical impacts just barely show a hint
of link-up. This is indeed joining of delaminations as confirmed by the microscopy images discussed
later in section 5.5.3. However, the final damage response is not comparable to that of S.4.

Figure 5.13: R.2 - 15mm, 6 J, 1 / location.

L-series
From the 6 L-series tests in total, only the 9 J test (L.2) showed link-up. Even the 6 J test (L.1) surpris-
ingly did not show link-up even though it was spaced at 14.8mm which is a closer separation than in
previous tests (S.4, R.2 and E.2) which showed link-up. As for the other four tests (L.3-L.6), merely
three independent delaminations were detected. Furthermore, as explained in the E-series it is seen
that the higher the impact energy the clearer the preference for delamination directionality becomes.
The c-scans are presented in fig. 5.14.
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(a) L.1 - 6 J, 1 / location. (b) L.2 - 9 J, 1 / location. L.A. = Long Axis

(c) L.3 - 12 J, 1 / location. (d) L.4 - 15 J, 1 / location.

(e) L.5 - 25 J, 1 / location. (f) L.6 - 35 J, 1 / location.

Figure 5.14: L-series C-scans.

The question that remains is why the prediction of link-up spacing is wrong. An intuitive answer consid-
ering delamination directionality could be that the orientation of impacts (positioning impact locations
at an angle) was neglected and that this is important. However, R.2 and E.2 both showed link-up while
neglecting orientation and scatter in delamination size could be the cause.

O-series
The O-series investigated the orientation effect as described above. There were two c-scans one for
each test, however only the first c-scan (O.1) proves useful because because the second c-scan for
test O.2 is affected due to impacting too close to the edge. Hence, it is difficult to draw comment on it
due to the inability to see the order of events.

Nevertheless, the c-scan for the first test (O.1) shows useful results and some things are learned. Link-
up is seen along the −45°, long axis line but not perpendicular to that. Positioning impacts at −45°
allows delaminations to touch and link-up more easily since delaminations occur in the fibre direction.
However, fibres act as a delamination blocker when positioned perpendicular to the fibre direction. The
c-scans are presented in fig. 5.15. By now, all logical combinations of impact locations have been
attempted to trigger link-up, but no combination is fully successful.
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(a) O.1 - 15 J, short axis = 21.4mm and long axis =
26.2mm.

(b) O.2 - 35 J, short axis = 30.1mm and long axis =
42.1mm.

Figure 5.15: C-scans for impacted orientation tests.

5.5.2. Processed Data
S-series
A common method to present quasi-static indentation data is with force-displacement and energy-time
curves. These curves have the ability to reveal a lot of information as is illustrated in this section. As
long as the data is recorded, a force-displacement and energy-time curve can be calculated for any
indentation. It would be unnecessary to present all those graphs here due to their great similarity. To
see all the graphs, a full documentation of the results is presented in appendix C.

To illustrate the potential of these graphs, the results for the specimen with the largest delamination
(in location 3, see fig. 5.12c) due to the edge effect (S.3) is used because the damage sequence can
be easily seen from the graphs. A force-displacement curve shows a loading (top of the curve) and
unloading part (bottom of the curve). Energy-time curves reveal the absorbed energy (which is equal
to the height of the curve at the endpoint) which is also shown in the legend of the graph. The graphs
are shown in fig. 5.16.
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Figure 5.16: Example force-displacement and energy-time graphs for S.3, location 3.

These curves do not reveal their full potential. More information can be extracted if the data is restruc-
tured so that the relative maximum force and relative absorbed energy is presented instead. This way
it can be seen if these values increase, decrease or remain stable and the same. Continuing with the
delamination in location 3, the rearranged graphs are presented in fig. 5.17.

In the case that impacts occur free from the edge (which is not the case for S.3), typical curves show
an increase in maximum force and a decrease in absorbed energy as impacts are repeated. A typical
example of this looks like the curve for ’location 1’ in fig. 5.17. However, it is clearly not the case that all
three lines follow that trend. The curve for ’location 2’ (top delamination in fig. 5.12) follows the general
trend, but is larger in magnitude compared to location 1 due to the cutout edge. The curve for ’location
3’ shows an irregular jump in absorbed energy upon the 4th indentation. This increase will now be
discussed with more detail.

Upon comparing all force-impact number and absorbed energy-impact number (as in fig. 5.17) graphs
obtained for the S-series, the graphs for S.3 clearly show a difference. The maximum indentation force
for location 3 drops and the absorbed energy rises upon the 4th impact. Furthermore, significantly
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Figure 5.17: Restructured data. Relative maximum force and absorbed energy for S.3.

more cracking was heard upon the 4th and 5th impact. Combining all these observations, the greatest
amount of the damage in this location proves to be created during the 4th and 5th indentation. In other
words, the relation between absorbed energy and created damage discussed earlier is seen to hold in
this case as well.

L-series
The delaminations recorded in the L-series c-scans have been quantified using the same MATLAB
code. The quantified results reveal that there is scatter in delamination characteristic values. In other
words, each delamination has slightly different dimensions. The characteristics for the left/middle/right
delaminations are calculated and presented in table 5.4.

Table 5.4: Delamination characteristics for each delamination seen in L-series experiments.

Left Middle Right Average

L.1 - 6J
Short Axis 12.7 12.9 13.1 12.9
Long Axis 13.4 13.3 13.9 13.6
Area 133.4 134.6 143.2 137.1

L.2 - 9J
Short Axis 16.8 17.1 17.8 17.2
Long Axis 18.4 19.5 20.6 19.5
Area 241.6 261.5 288.0 263.7

L.3 - 12J
Short Axis 18.4 18.6 19.0 18.7
Long Axis 24.6 25.0 25.2 24.9
Area 355.2 365.3 376.7 365.7

L.4 - 15J
Short Axis 21.1 21.4 21.8 21.4
Long Axis 25.7 27.0 25.8 26.2
Area 426.3 455.3 441.4 441.0

L.5 - 25J
Short Axis 24.6 23.8 25.8 24.7
Long Axis 31.4 32.8 33.6 32.6
Area 605.4 614.8 680.2 633.5

L.6 - 35J
Short Axis 29.7 29.3 30.9 30.0
Long Axis 42.1 44.6 43.9 43.5
Area 980.8 1025.5 1067.2 1024.5

The scatter in the short and long axis values are in the order of magnitude from -1 to 0 in mm. The
scatter may make the difference between just causing link-up (as shown by experiment L.2 in fig. 5.14b)
or not. Furthermore, as in other experiments delamination orientation preference becomes evident from
12 J impacts and higher with a preference again goes to the −45° and 90° layers.

E-series
Moving on to the spacing tests in the E-series (considering all impacts 1 to 5), the absorbed energy is
calculated for each impact because this reveals the amount of damage created as spacing varies. As
the specimen is impacted from location 1 to location 5, there is a general trend that shows a decrease
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in absorbed energy with a decrease in impact spacing. In other words, the further apart impacts occur
the more damage is inflicted. This trend can be seen in fig. 5.18 where ’Indentation 1’ is the leftmost
impact and ’Indentation 5’ is the rightmost impact.
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Figure 5.18: Normalised trends for maximum force and absorbed energy for the E-series.

There is the exception of E.7 which is an outlier in the absorbed energy plot. It was observed (by sound)
that E.7 caused unfamiliar damage formation upon the 4th because of loud snapping noises rather than
having a controlled ’cracking’ noise which was observed for all the other tests. The impact energy was
too high and the specimen could not sustain many impacts at this impact energy. Hence, it cannot be
compared to the other experiments.

5.5.3. Microscopy Link-up Investigation
The phenomenon of joining of delaminations which was previously referred to as ’link-up’ did not al-
ways show the same extent of uniting delaminations. Repeated impacts tests such as in S.4 and
single impacts tests such as L.2 show differences in damage (see both figs. 5.12d and 5.14b) but
both show joining of delaminations. The S.4 c-scan showed a ’densely’ delaminated area whereas the
L.2 c-scans did not show link-up to the same extent. The microscopy images in fig. 5.19 reveal the
differences.

(a) S.4 - 5 impacts at 6 J.

(b) L.2 - 1 impact at 6 J.

Figure 5.19: Microscopic pictures to illustrate effect of link-up. Pictures to scale.

The image for S.4 shows a convincingly delaminated laminate containing delaminations on multiple
layers. On the other hand there is L.2 which shows a very thin delamination which connects both
impact sites (6 interfaces from the bottom).

5.6. Effect of Mechanical Fatigue
Mechanical fatigue in this research refers to cyclic mechanical tension fatigue. The cyclic properties
are based on real life conditions of the Boeing 787. The results presented in this section aim to provide
answers to the following research question:

• Does impact damage propagate by mechanical fatigue loading the specimen?
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5.6.1. C-scans
C-scans were made at different stages of fatigue loading. For F-S.3 two c-scans were made, one at
66 000 cycles and another at 132 000 cycles, fatigued at ≈ 70MPa. For F-S.1 only one c-scan was
made after 66 000 cycles, fatigued at ≈ 140MPa. The c-scans are shown in fig. 5.20.

(a) S.3 - 0 cycles. (b) S.1 - 0 cycles.

(c) F.S-3 Part 1 - 66 000 at 70MPa. (d) F.S-1 - 66 000 cycles at 140MPa..

(e) F.S-3 Part 2 - 132 000 at 70MPa.

Figure 5.20: F-series C-scans

Neither the c-scans for F-S.1 or F-S.3 show delamination growth. The c-scans look identical by eye.
However to be sure, the delaminations are also quantified in the next section, see section 5.6.2.

5.6.2. Processed data
The delamination area presented in table 5.5 was recorded using the MATLAB written software which
revealed no more than negligible fluctuations in area with an order of magnitude of no more than 1.
This variation came as a result of small differences in c-scans.

Table 5.5: Delaminated Area for F-Series.

Delamination Area [mm2]
Number of Cycles [-] 0 66000 132000

F-S.3 1736 1740 1741
F-S.1 538 516 -

In other words, fatigue tension loading will not propagate delaminations under these conditions (66 000
to 132 000 cycles and 70MPa to 140MPa) in this material. However, predictably if the load is high
enough damage should initiate/propagate.
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5.6.3. Optical Microscopy
Furthermore, the question remains if there is no propagation of damage through the thickness. To
investigate this, a specimen which was impacted 5 times per location but remained unfatigued (S.2)
and another specimen which was also impacted 5 times per location but fatigued for 132 000 cycles at
70MPa (S.3) are compared. The microscopy images are shown in fig. 5.21.

(a) S.2 - 5 impacts at 6 J. Not mechanically fatigued.

(b) S.3 - 5 impacts at 6 J. Mechanically fatigued to 132 000 cycles ≈ 70MPa.

Figure 5.21: Microscopic pictures to illustrate effect of mechanical fatigue. Pictures to scale.

From the microscopic pictures it is seen that no extra damage has been created. Remember that the
reason for the limited amount of damage in specimen S.2 is due to cutting too far from the impact zone
and hence missing the area of interest. The number of affected layers looks consistent between both
microscopic pictures. Hence, it is finally concluded that mechanical fatigue in these loading conditions
do not affect delamination growth.



Chapter 6
Discussion

6.1. Effect of impact Energy
6.1.1. Delamination Area - Impact Energy Relationship
The primary interest during the investigation of the effect of impact energy was the relation between
delamination area and impact energy which has been identified as approximately a square root function.
The trend is based on 7 data points, so the result is based on limited confidence. However, the trend
obtained in this research is similar to trends for different layups observed by Minot, Aboissière, Ostré,
Bouvet [10], as shown in the side by side comparison in fig. 6.1.
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(a) Delamination area trend obtained in this research.
(b) Delamination trends for different layups [10].

Figure 6.1: Side by side comparison of the delamination trend obtained in this research to the trends for different layups.

The delamination area trend can be a powerful tool considering maintenance and inspection. In the
case that a hailstorm event crosses an airport, the top of the fuselage and wings should have to be
analysed to identify the damage state. During inspection, the points of impact can be identified (e.g. by
locating dents) to produce a drawing indicating the size of each delamination for a small inspection area.
Then, the small area can be extrapolated to indicate the damage of the entire fuselage as illustrated in
fig. 6.2.

Figure 6.2: Illustration of how the delamination area trend can be used to identify the damage state of a fuselage. The black
dots indicate impact dents and the grey zone around it indicates the delamination according to that dent depth and impact

energy combination. Fuselage drawing obtained from [17].
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However, to make this method work, one additional relation must be known i.e. the relation between
dent depth and impact energy. However, this method only works if dents are present which might not be
the case for hail impacts due to the crushing effect upon impact. If this would be the case, an alternative
would be to use a scanning technique (similar to a c-scan as used in this research) to analyse a small
area. The disadvantage is that this technique requires more advanced technology, hence it is more
expensive and difficult than measuring a few dents.

Furthermore, very important to note is that even though quasi-static indentation and drop-weight ex-
periments result in a similar damage response, literature has reported that the dents caused by QSI
are larger than for drop-weights [13]. Hence, a careful trade-off must be made for which technique is
considered more appropriate.

6.1.2. Preferred Delamination Layers
Except for the delamination area trend, delaminations are recorded to propagate along the −45° and
90° fibre directions. In fact, judging by the darker shading of the c-scan, the −45° direction is more pre-
ferred than the 90° direction. However, according to [31, 34] delaminations should grow in the direction
of the fibres of the lower ply of the delamination interface. Nevertheless, microscopy observations show
that the lower ply is in the 90° direction which is not in agreement with the c-scan observations, as can
be seen in fig. 6.3. The observations here do not agree with what literature claims and the explanations
in the following paragraphs form a hypothesis for why this behaviour is seen.

Figure 6.3: Preferred delamination layers in the C-scan and the microscopy image for a specimen impacted once at 35 J (E.7).

There are multiple possible reasons for the inconsistent observation. The first reason considers the
stress variation along the thickness of the laminate. The biggest shear stress jump occurs between
the −45°/90° interface (a high load carrying layer + semi-high load carrying) as opposed to a −45°/0°
interface (semi-high load carrying + minimal load carrying layer). Delaminations are indeed expected
on the interfaces containing the highest shear stress. However, this does not explain why one of the
two delaminations shown in fig. 6.3 propagates in the −45° direction.
Furthermore considering layer stiffness, the 90° layer is stiffer in compression than the (top) −45°
layer because the 90° layer has fibres in the direction of the bending (remember that there is bi-axial
bending). Since everything above the neutral axis is compressed, it may be possible that the −45°
fibres cannot hold the compressive loads and is forced into a local buckle/kink which requires the least
energy perpendicular to the fibres. It is for this reason that there is one delamination travelling along
the −45° direction.
These observation were far from obvious upon discovery but has important implications for the future
where care must be taken before concluding on which interface delaminations are to be found. It is
now clear that what literature says, is generally true but by no means a rule that can be applied to 100%
of the cases.
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6.2. Effect of Repeated Impacts
6.2.1. Damage Growth Rate
Delamination area was shown to increase approximately as a square root function, hence the delami-
nation area growth rate decreases with an increasing number of impacts. In fact, the largest increment
in delamination area is caused by the first impact. This means that 2 impacts in 2 separate locations
would cause more damage (300mm2) whereas 5 impacts in 1 location cause less damage (200mm2,
as illustrated in table 5.2). Moreover, having 5 impacts in one location is questionable and since 4
additional impacts only cause an increase in 50mm2, the need for testing repeated impacts is also
questionable (explained further below) because neglecting repeated impacts would significantly reduce
the complexity of hail experiments.

Besides the above, only one laminate was tested in this research for impact fatigue. This gives no infor-
mation on the damage response in other laminates and for other impact energies. However, de Morais,
Monteiro and Almeida [37] have looked at damage progression for woven composites with different
laminate thicknesses and repeated 20 J impacts which clearly reveals that the first impact causes the
largest increment in delamination area, followed by ever decreasing increments in delamination area
just as observed in this research [37]. This means that the observation of the largest delamination area
increase upon the first impact is applicable to more than one type of laminate.

6.2.2. Hail Experiment Model Simplification
Furthermore, Giaiotti, Stel, Fraile, Palencia andCastro [16] reveal that hailstones overlap approximately
20% of the time, but the larger the hailstones the less the overlap. The minimum hailstone required in
this research (ignoring the crushing effect) to cause damage has a 3.39 cm diameter (6 J impact) which
is by no means a rare sized hailstone [19, 20, 24, 33]. Moreover, hailstones of these dimensions rarely
overlap. Hence, together with the above discussion on damage growth upon repeated impacts, hail
impact models can be reduced from multiple impacts in multiple locations to single impacts in multiple
locations. This would significantly simplify the complexity of hail experiments while being based on
more realistic observations.

6.3. Effect of Spacing
6.3.1. Delamination Link-up
Since hail impact experiments can be approximated by single impacts in multiple locations, the effect of
spacing research scope changed to investigating the minimum required impact spacing for link-up (as
presented in fig. 6.4a) delaminations for single impacts rather than repeated impacts. This research
varied some parameters to trigger the same phenomenon, as discussed below.

(a) Link-up observed by Laurencon
[28].

(b) Link-up in S.4 due to repeated
impacts.

(c) Delamination touching in O.1
due to single impacts.

Figure 6.4: Comparison between link-up and delamination touching.

The first variable tested for delamination link-up was the distance between two impacts. The upper
bound for spacing proved to be the sum of the radii of delaminations. In other words, the two delam-
inations must just touch. If this spacing is reduced, then delaminations simply ’overlap’. The second
variable was the orientation of the delaminations, which was set along the preferred−45° fibre direction.
This indeed facilitated delaminations to touch. However, whichever the combination of parameters, the
delamination touching by single impacts shown in fig. 6.4c is visibly not the same or even similar to
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link-up by repeated impacts as shown in figs. 6.4a and 6.4b.

Since link-up has only been observed for experiments with repeated impacts but not by the more re-
alistic experiments involving single impacts in multiple locations. Hence, the definition of link-up must
be reconsidered and extended from,

Link-up is the uniting of delaminations by a sudden increase in delamination area.

to

Link-up is an impact fatigue phenomenon uniting delaminations by a sudden in-
crease in delamination area due to the repetition of impacts.

6.3.2. Impact Interaction
In addition to the discussion on repeated impacts in one location (i.e. the more impacts the lower
the damage growth rate, see section 6.2.1), a similar relation is seen in impact separation. Impact
separation refers to the distance between two impacts. Upon investigating the increase in delamination
area for each impact in the E-series it revealed that the closer the impacts are together, the lower the
increment in delamination damage. Going back to the discussion of hailstone overlap, larger hailstones
(e.g. hailstones ≳ 30mm) do not overlap, therefore they cause the maximum amount of damage
according to this observation.

6.4. Effect of Mechanical Fatigue
The simple and short answer to research question on mechanical tension fatigue is that there is no
reduction of fatigue life for impacted material in the conditions it has been tested in here. The first
reason may be that the tension load was simply not high enough. Assuming that these specimens
are able to strain a maximum of 2% before fracture and given that this layup provides a stiffness of
59GPa, this material has an ultimate strength of 1180MPa (𝜎 = 𝐸𝜖). This means that the fatigue tests
are performed at a normalised stress (ᒗapplied/ᒗult) of 0.06 and 0.12 which is low. However, the fatigue
tests performed by Mahinfalah and Skordahl [27] had normalised stress values in the range of 0.5 to
0.9 which is much higher and showed a difference in fatigue life between impacted and non-impacted
material. Even though there is mode III shear stress in tension, the combination of tension which closes
the delamination (as illustrated in fig. 6.5) halts the mode III fracture growth.

Figure 6.5: Delamination closure during tension fatigue [5].

Another reason can be related to the number of cycles performed. According to the research by Mahin-
falah and Skordahl [27], the specimens were able to last up to 1 million cycles in some cases. This hints
that the number of cycles tested in the F-series may have been too few. Especially when combining
the number of cycles together with the normalised stress it becomes obvious that this research found
itself to be in a completely different part in the fatigue graph seen in fig. 2.13.

Nevertheless, the story of fatigue is far from finished. Every flight causes the cabin to be pressurised,
forcing the fuselage skin into a combined tension and bending state. According to [25] even loads well
below the static failure strength may degrade the material. Degradation due to low loads was not the
case for tension fatigue, however, bending can causes pure mode II fractures and may be sufficient
for delamination growth. In other words, bending fatigue of specimens impacted in multiple locations
should be the next step in the investigation.
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6.5. Impactor Material - Ice versus Steel
Most likely the biggest limitation of this work is the unknown relationship between ice and metal im-
pactors on the damage response. The big difference between these two materials is that ice crushes
into pieces whereas steel stays intact. The complication here is that a portion of the impact energy
goes into crushing of the ice rather than deforming the specimen. Hence, the damage response of a
20 J steel impact will not be the same as a 20 J hailstone impact.

6.6. Effect of Residual strength
Unfortunately due to the limited timespan of the research it was not possible to investigate the effect
of delaminations on residual strength. However, some speculations are presented here of what could
cause a problem. The discussion will focus on tension after impact (TAI), compression after impact
(CAI) and bending after impact (BAI). Furthermore, what makes this discussion particularly important
is that literature has covered residual strength on a single location impacted specimens but this may
not be representative for hail in all cases.

Starting with TAI, literature has reported a small reduction in tensile strength. The research performed
by Malhotra and Guild [5] reports approximately a 5% reduction in tensile strength for impacts in the
centre of the plate impacted at 2 J to 4 J. This is very worrying for two reasons, i.e. the first reason is that
the specimen was impacted only once which means the tensile strength is most likely even lower for a
specimen impacted in multiple locations. The second reason is that 2 J to 4 J is very low considering
the impact energies hail can reach up to (up to 35 J was tested in this research).

Furthermore the same paper ([5]) has reported a reduction in compression strength for CAI. The re-
duction it reports for an impact at 4 J in the centre is approximately 20%. More research performed by
Järneteg [23] confirms this magnitude of reduction for very similar impact conditions. Again, this is for
a single impact in a single location at a relatively low impact energy. Must this have been tested for
various locations at a higher impact energy, it would arguably be much worse and more representative
for hail.

The final concern discussed here is BAI performed by 4-point bending tests. The research by Järneteg
[23] has revealed that damage created by impacts in the range of 5 J to 10 J results in delaminations in
the range of 90mm2 to 150mm2 (which is in the same range as this research for this range of impact
energy) reduces the bending strength by a factor of two. Furthermore, damage of size 450mm2 reduces
the bending strength to approximately 40% of the original strength. This research was performed for
single location impacts which is again probably not representative for hail. Hence, must this have been
applied to multiple impact locations, the bending strength would probably be reduced evenmore.
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Chapter 7
Conclusion and Recommendations

7.1. Conclusion
Composites are susceptible to out-of-plane impacts which is why there is such a vast amount of pre-
vious research on impacts in a single point of impact. However in the case of hail (when the aircraft
is stationary on the ground), the impact scenario shifts to a case of impacts in multiple locations which
might not be accurately represented by the findings of single location research. To investigate the dif-
ference in damage response between the two cases, this thesis work adopted a purely experimental
approach to investigate four relationships which were impact energy, impact spacing, impact repetitions
and finally, mechanical fatigue.

This research has shown that the effect of repeatedly impacting the same location causes delamination
growth, but the total delamination area from two repeated hailstone impacts in the same location ismuch
lower than that of two hailstone impacts in two independent locations. Although hailstones may impact
the same location more than once, this is only a problem for small hailstones which do not contain
sufficient impact energy to harm the material. In other words, big hailstones which contain enough
impact energy do not overlap hence hail impact is regarded as a problem of ’one impact per location’
rather than ’repeated impacts per location’. As a consequence, hail experiments will show a larger,
more realistic delaminated area than in the previous case.

Hence, simplifying hail to a ’one impact per location’ philosophy has important implications for the
damage response of the material. Previously, the abrupt increase in delamination area (which is called
link-up) was thought to be a problem for hail impact, however, this proves not to be the case. Upon
attempting to trigger link-up with a one impact per location philosophy, many parameters were tested
but no combination of parameters led to an abrupt increase in delamination area, merely a summation
of delamination area of the individual impacts. This led to the conclusion that link-up is an impact fatigue
phenomenon and does not have to be taken into account in future hail impact discussions. Moreover,
hail can be represented as single impacts in multiple locations. In fact, due to the non-interaction
between delaminations for single impacts, damage response results (such as delamination area) from
single location impact experiments are also applicable to hail impact.

Furthermore, the mechanical tension fatigue tests showed no damage growth for the conditions spec-
imens were tested. Whether tension fatigue is harmful or not for impacted material remains open for
discussion, however it seems that it did not cause damage growth in this research due to the very
low fatigue loads and few cycles which were applied. Nevertheless, the analysis on fatigue is far from
accomplished as there are other critical fatigue tests to be performed in the future, as discussed in the
recommendations.

Unfortunately, the biggest limitation of this research is the use of a steel impactor. The damage re-
sponse of a laminate impacted by a hailstone or steel ball of equal energy will cause a different level of
damage because energy is required by the crushing of the hailstone upon impact. In order to cause the
same damage response, hailstones must contain more energy than the equivalent steel ball in order
to damage the structure the same amount. However, in contrast to what literature may have reported,
it is highly doubtful that hailstones cannot cause delaminations due to the crushing effect.

Considering the very limited amount of available data on hailstorms and hail impacts and its very com-
plicated nature, this research hasmade a tremendous contribution to the body of knowledge by showing
how hail can be approximated and what is and what is not important to consider. Moving forward from
here, future experiments must now focus on questioning the fatigue life of hail impacted structures to
determine if composite aircraft such as the Airbus A350 and the Boeing 787 are prone to a reduced
fatigue life like with the De Havilland Comet without being aware of it.
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7.2. Recommendations
There are in total two primary recommendations which should be carried out in future research, i.e.
the effect of bending fatigue for specimens with impacts in multiple locations and the relation between
metal and ice impactors. Both these recommendations are discussed below, as well as some additional,
secondary recommendations which did not receive the required time to fully explore in this research
but remain important to investigate.

7.2.1. Primary Recommendations
From the previous discussion on residual strength, it was clear that bending after impact (BAI) showed
the biggest reduction (by a factor of two). However, this was only for specimens impacted one time in the
middle of the specimen at a low impact energy. The questions which now remain to be answered are,
what the effect is of bending fatigue and the reduction in fatigue life for specimens impacted in multiple
locations at a slightly higher impact energy. Given the large reduction for 1 impact, it looks unfavourable
for multiple impacts. It is furthermore recommended to use a 4-point bending setup to avoid contact with
the inflicted impact damage. It is predicted that BAI will severely propagate the damage of delaminated
structures because the laminate layers are loaded in shear, which is the most unfavourable fracture
mechanics for delaminations. Furthermore, this recommendation is of utmost relevance because upon
pressurising the fuselage, the skin is loaded in bending (as well as tension).

Moreover, it is obvious that steel and ice impactors will cause different damage responses in a laminate.
This research has identified the relation between impact energy and delamination area for a steel
impactor. However, hailstones have a crushing effect upon impact which takes away energy from
going into the deformation of the material which is not the case for steel impactors. Hence, it is vital to
know what the equivalent impact energy of hail is to steel impactors. It must also not be forgotten while
making the comparison to take into account that the impactor diameter must be the same, otherwise a
different damage response can be expected.

7.2.2. Secondary Recommendations
Last but not least, it was assumed in this research if the first impact does not cause damage then no
consecutive impacts with the same impact energy will cause damage. However, (in Europe) hailstorms
mostly consist of small hailstones. Hence, the question is if damage can be initiated by many small
hailstorms impacting the fuselage (hence repeated impacts in multiple locations). Furthermore, per-
haps when a delamination has been created by a hailstone, smaller hailstones which are otherwise
deemed unharmful may propagate the already present delamination if impacted right next to it.
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Chapter A
Damage Thresholds

A.1. Methodology
As explained in the literature review summary (see section 2.1.3), the damage response of a laminate
is dependent on many variables. This test aims to reduce these variables as it is impossible to account
for all the mentioned variables in such a short period of time.

Impact energy is such a variable. The experiments following this shall be performed with impact ener-
gies between the lower and upper limit. With this test, the aim is to find the:

1. Lower limit: the impact energy below which no damage is created.

2. Upper limit: The impact energy at which a physically visible dent is visible by common inspection
intervals.

The reason for introducing the lower limit was based on past research [27]; if there is no initial damage
created the fatigue life remains unaffected as well. The reason for having an upper limit was because
this research focused on BVID and having visible damage should be covered by regular inspection
intervals. Hence anything outside the boundaries of this limit is per definition outside the scope of this
research.

As impact energy changed, so does the impactor size when hail is considered. This test will account
for that. Based on research in the USA and other research on hail climatology [19, 20, 33], hailstone
diameters range from less than 1 cm up to about 10 cm. In theory, larger impactors should cause less
damage than smaller impactors with the same impact energy.

Table A.1: Hailstone properties [19, 20, 33]. Velocities are calculated with a hailstone drag coefficient ፂᐻ ዆ ኻ.

Diameter [cm] Mass [kg] Terminal Velocity [m sዅ1] Kinetic Energy [J]
1.0 0.00047 9.8 0.02
2.0 0.00377 13.9 0.4
3.0 0.01272 17.0 1.8
4.0 0.03016 19.6 5.8
5.0 0.05890 21.9 14.1
6.0 0.10179 24.0 29.3
7.0 0.16163 25.9 54.4
8.0 0.24127 27.7 92.7
9.0 0.34353 29.4 149
10.0 0.47124 31.0 226

Considering the number of impacts, some things can be said as well. Hailstorms vary in intensity;
less severe hailstorms cause more dense impact surfaces (more impacts) with lower energy hail-
stones; more severe hailstorms cause a less dense impact surfaces with high energy hailstones, see
table A.2.

To transform the scattered data in table A.2 to useful data which can be worked with, some adjustments
were made. The following adjustments were made:
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Table A.2: Maximum hailstone diameter per hailpad recording versus the impact concentration of that hailpad [20].

Maximum hailstone Concentration
diameter [cm] [mዅ2]

< 1.27 6049
1.27–1.91 4133
1.91–2.54 3165
2.54–3.18 3315
3.18–3.81 2045
3.81–4.45 3186
4.45–5.08 1873
5.08–6.35 2024
> 6.35 484

1. The upper limit of the maximum hailstone diameter column in table A.2 is used to obtain the
general trend line in fig. A.1. This assumes a worst case scenario; more impacts per area than
when taking the average maximum hailstone diameter.
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Figure A.1: Number of hailstones mᎽ2 versus hailstone size.

The data is coarse and includes inconsistencies as explained in [20]. Hence, looking at fig. A.1
which is the plotted data in table A.2, the equation of the trend line is the following, with a
goodness-of-fit of 𝑅ኼ = 0.9048:

𝑦 = 7305.2𝑒ዅኺ.ኼ኿኿፱ (A.1)

2. While observing table A.2 some choices must be made regarding the hailstone diameters to be
tested. These choices are limited to manufacturing and total number of tests concerns.

Practical diameters are in steps of 1 cm. Again looking at the data in table A.2, a minimum
diameter could be 1 cm, while a maximum diameter could be 6 cm. This is because there are
measurement errors in the severe hailstorm records [20]. Hence the following hailstone diameters
would have an impact energy of:

Table A.3: Kinetic energy per tested hailstone diamater.

Impactor diameter [cm] 1 2 3 4 5 6
Kinetic Energy [J] 0.02 0.36 1.83 5.8 14.15 29.34

1 cm hailstone impact the ground with 0.02 J. This is very low energy. From literature, an as-
sumption is made that this size hailstone will not cause damage. Hence 1 cm are omitted from
further discussions.
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3. It is impossible to test 6049 impacts in the laboratory, this number must be scaled down to a
feasible number of impacts. It must also be reduced to the correct number of impacts to be
carried out in a single location.

From hailpad observations it is known that the most severe hailstorms have sparsely distributed
hail impacts. This implies that the largest hailstones impact a single location only once, this is
used as the reference ’point’. So, less severe hailstorms hence impact the specimen in that single
location more than once.

Hence this becomes a scaling issue, using the best-fit equation eq. (A.1):

• Hailstone diamater = 6 cm causes 1582 impacts/m2.

• Hailstone diamater = 1 cm causes 5661 impacts/m2.

Thus for every impact with a diameter of 6 cm, 5661/1582 ≈ 4 times as many hailstones of 1 cm
impact the ground.

Using this logic, the following table is generated:

Table A.4: Number of impacts per tested hailstone diamater.

Impactor diameter [cm] 2 3 4 5 6
Number of impacts [-] 3 2 2 1 1

However, it is not useful to impact 3 cm and 4 cm the same number of times because the outcome
is already known: if damage is caused, the 4 cm would cause more damage. The same goes for
impactors of 5 cm and 6 cm. Hence the following adjusted table was proposed:

Table A.5: Adjusted number of impacts per tested hailstone diamater.

Impactor diameter [cm] 2 3 4 5 6
Number of impacts [-] 5 4 3 2 1

Adjusting the number of impacts this way may be considered incorrect at first glance. However,
considering the large scatter in hail data, this is considered acceptable.

A.1.1. Test Setup
The test machine used was quasi-static indentation (see section 2.1.4 for more details on QSI). This
choice was made for two reasons:

1. The drop tower was unable to obtain energies lower than ≈ 3 J.

2. QSI offers much higher consistency in impact energy.

The specimens usedwere pre-made specimens from a previous intern. The specimens had dimensions
of 12.3 cm × 12.3 cm and a thickness of 2mm. The plates had a stacking sequence of [0, 90, 45, -45,
0, 90, 45, -45]ፒ.

A.1.2. Test Matrix
The above tests are summarised in a test matrix, this explain the number of tests, and what each test
will consist of in a concise table. The logic of the test numbering system is as follows:

• First digit: test definition. That means the number of impacts, locations and impact energy.

• Second digit: test specimen number. That is the number of the specimen which is tested.

• Third digit: the number of impacts.
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Table A.6: Test 1: Test matrix.

Test No. Impactor diameter No. Impacts No. locations Impact energy
[cm] [-] [-] [J]

1.1.1-5 2 5 1 0.36
1.2.1-5 2 5 1 0.36
2.1.1-4 3 4 1 1.83
2.2.1-4 3 4 1 1.83
3.1.1-3 4 3 1 5.80
3.2.1-3 4 3 1 5.80
4.1.1-2 5 2 1 14.15
4.2.1-2 5 2 1 14.15
5.1.1 6 1 1 29.34
5.2.1 6 1 1 29.34

A.2. Results
A C-scan was made at the end of each experiment. There are in total 10 C-scans, these are shown in
fig. A.2.

(a) 1.1 (b) 1.2 (c) 2.1 (d) 2.2 (e) 3.1

(f) 3.2 (g) 4.1 (h) 4.2 (i) 5.1 (j) 5.2

Figure A.2: Test 1 C-scans

The force-displacement and energy-time curves are shown in figs. A.3 and A.4. The energy indicated
in the legend of the energy-time graphs is the absorbed energy of each indentation.

A.3. Lessons Learned
1. The most important lesson learned from this test is that the specimen boundary conditions are

critical. In test 5.1.1 the absorbed energy is more than 0.5 J higher than in 5.2.1. A big difference
can be seen in maximum force obtained between 5.1.1 and 5.2.1 as well. The lesson learned
here is that the clamping conditions must be much better controlled.

2. Initially, the goal of this test was to see which level hailstorms would be hazardous. Even with
the correct preparations, the realisation was made that this would not yield useful information for
several reasons:

• Even though the it was claimed that the relation between the number of impacts and the
impact energy could be claimed acceptable this would still be an inadequate method to
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Figure A.3: X.1.1-N Results. Left: Force-displacement. Middle: Energy-time. Right: Aborsorbed energy.

apply to understand the problem of delaminations.

• This test mixes toomany variables, that is: impactor diameter, number of impacts and impact
energy. This to realise one relation: which hailstorms are hazardous. Having too many
variables in this test disturbs concluding anything meaningful.

This test may not have served the purpose it was supposed to fulfil. However it is still a success
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Figure A.4: Y.2.1-N Results. Left: Force-displacement. Middle: Energy-time. Right: Aborsorbed energy.

because it gathered a lot of insight into the problem and especially areas to pay closer attention to so
that any following tests avoid making the same blind mistakes. In that way this test is a success and
many improvements follow.



Chapter B
Laminate Manufacturing

B.1. General Concerns
There were a total of 30 specimensmanufactured. Each specimen had final dimensions≈ 297mm × 146mm.
A large number of specimens were manufactured for reasons such as:

• All specimens came from the same batch. All specimens had equal properties.

• Enough to avoid running out of specimens.

The largest autoclave plate was 100 cm × 170 cm. Ideally, a laminate of 90 cm × 150 cm would provide
30 specimens with the dimensions of 300mm × 150mm if there were no material waste. Unfortunately
waste was inevitable. Sources of waste were:

• Misalignment of layers while stacking caused by manual labour. A result was overlap edges.
About 1 cm was required to be cut off from each side.

• The cutting saw was ≈ 2mm thick, this was also lost in material waste.

A solution tomaterial waste was to account for it. Thatmeantmanufacturing a laminate of 92 cm × 152 cm
to solve this issue. However, the prepreg role was 60 cm wide. That makes an extra 2 cm very incon-
venient considering the problem from a manufacturing perspective as 92 cm and 152 cm do not result
in convenient ratios with 60 cm.

B.2. Laminate Manufacturing Process
Having identified the concerns, the manufacturing could start. The manufacturing was done in 4 steps:
prepreg cutting, prepreg layup, laminate autoclave curing and cutting out the specimens.

1. Prepreg cutting. Before layup, the prepreg had to be cut to the correct dimensions. For the
laminate with dimensions of 90 cm × 150 cm, the following pieces of prepreg were required to be
cut:

Table B.1: The number of prepreg pieces needed per orientation for the entire laminate of 16 layers.

0° layer 90° layer ±45° layer
4 × 60 cm × 150 cm 8 × 60 cm × 90 cm 16 × 54.8 cm × 110 cm
4 × 30 cm × 150 cm 4 × 30 cm × 90 cm 8 × 60 cm × 170 cm

A visual representation of the prepreg pieces is shown in fig. B.1.

2. The laminate stacking sequence was [45, 0, -45, 90, 45, 0, -45, 90]S. The laminate was put into a
vacuum table after every stacked layer. The vacuum table was used so often to minimise trapped
air. It might have been problematic if this step was skipped due to the large size of the laminate.

3. The recommended autoclave cycle was used. The laminate cured at 120°C for 1.5h at 6 bar [18].
The curing cycle can be seen in fig. B.2.

4. Cutting out specimens. Inherent to autoclave processes is that excess resin gets squeezed out
of the laminate by the pressure. This requires the sides of the laminate after curing to be cut off.
The final dimensions of the laminate were 88 cm × 148 cm. That results in specimen dimensions
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58 B. Laminate Manufacturing

Figure B.1: Schematic drawings of the pieces of prepreg required for the layup of the laminate as described in section 4.3. The
fibres are in all cases in the direction of the length of the prepreg. I.e. 0° fibres are oriented horizontally on the page.
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Figure B.2: Actual undergone autoclave cycle.

on average of 14.7 cm × 29.7 cm. See fig. B.3 for a visual representation of how the specimens
were cut.

Cutting of the specimens was done manually. For that reason, the discussion talks about the
average dimensions. The final dimensions were all ±2mm of each other.

The fact that the final dimensions differ from each other does not affect the goal of this research.
That is because a slightly smaller plate will not cause an entirely different damage response.
Important is that the long edges of the specimens can still be clamped by friction, but differences
of 2mm should not affect the clamping condition drastically.

5. Making holes. There were multiple issues encountered during cutting of holes.
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Figure B.3: Cutting lines drawn on the 88 cm × 148 cm for cutting the laminate into the required specimen dimensions.

Holes were initially cut out by water jet cutting. Water jet cutting was chosen as the cutting method
due to its precise measurements and neat process. Unfortunately water jet cutting caused de-
laminations around the holes. This process was immediately stopped. Fortunately the damages
areas were contained within the clamped areas of the specimen. These would likely have no
effect on the results.

It was chosen to continue with a drilling process. The pitch in the length of the specimen was
measured incorrectly. The holes were positioned at just little under 250mm where it was planned
to be. Rework of the drilled holes was required. Fortunately the damage done was limited. The
holes became small ellipses instead of circles.



Chapter C
Additional Results

C.1. E-Series
In addition to the delamination area versus impact energy trend, also the short and long axis trends in
function of impact energy are illustrated in figs. C.1a and C.1b. Furthermore, the ratio of short to long
axis is presented in fig. C.1c.
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Figure C.1: E-series best-fit trends.
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C.2. Optical Microscopy Specimen Cutting Plan 61

C.2. Optical Microscopy Specimen Cutting Plan

(a) E.1 - 3 J (b) E.2 - 6 J (c) E.3 - 9 J

(d) E.4 - 12 J (e) E.5 - 15 J (f) E.6 - 25 J

Figure C.2: E-series best-fit trends.
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(g) E.7 - 35 J (h) R.1 - 225 impact at 6 J (i) L.2 - Link-up at 9 J

(j) S.2 - 5 impacts at 6 J (k) S.3 - 132 000 cycles at 70MPa (l) S.4 - Link-up at 5
impacts/location at 6 J

Figure C.2: E-series best-fit trends (cont’d).
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C.3. Hemispherical Impactor
There was only one 3 cm impactor used for all experiments (with the exception of ’Test 1’). The drawing
of the 3 cm hemispherical impactor is shown in fig. C.3. The material used for the impactor was Impax
steel.

Figure C.3: 30mm steel impactor used for all impact experiments.

C.4. MATLAB Method for Delaminations
A MATLAB code was used in this research to consistently determine delamination characteristics. To
use this software, the delamination area of interest was cut out of the c-scan image and input into
MATLAB. It can be seen that delaminations are darker on the c-scans, hence a threshold grayscale
value was used to determine if the pixel was part of a delamination or not. The grayscale threshold value
was 212, with 255 being pure white. Anything below 212 was considered to be part of the delamination.
After all pixels were identified, these data point were able to be used for approximating an oval.

(a) 3J (b) 6J (c) 9J (d) 12J (e) 15J (f) 25J
(g) 35J

Figure C.4: E-series delamination size with ellipses of best fit.

It can be argued that this MATLAB method overestimates the delamination area, however this is not
true. A comparison was made between the method presented here and simply counting the all the
pixels (1 pixel = 1mm2) with grayscale values < 212. The delamination area difference was close
to nothing and fluctuating. For this reason, the oval-method was continued because of its ability to
calculate a short and long axis for each delamination.
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C.5. S-series
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Note: the second indent was wrongly programmed. A too low indentation energy was used.

Figure C.5: Force-displacement and energy-time graphs for S.1.
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Figure C.6: Force-displacement and energy-time graphs for S.2.
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Figure C.7: Force-displacement and energy-time graphs for S.3.
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Figure C.8: Force-displacement and energy-time graphs for S.4.
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