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Abstract

The aim of this project is to consider the effect of damage on the energy absorption
potential of continuous filament random mat (CoFRM) E-glass / polyester composite
tubes. Composite materials have been shown to absorb significantly higher specific
energy levels than metals under axial crushing conditions. This property can be
exploited in automotive crashworthiness applications. Replacing steel crash
structures with composites can lead to significant weight reductions. However,
damage in composite structures can be difficult to assess and may not be visible by
casual inspection. There is a concern that damage may accumulate in the crash
structures, as a result of in-service wear and tear or due to operator negligence. It is
important to understand how much accidental damage the crash structures can sustain
before they are no longer able to fulfil their requirements. Two wall thicknesses of
circular and square tube geometries were tested, with over 650 samples crushed either
quasi-statically at Smm/min or dynamically at 5m/s. Damage was induced in three
ways: drilled holes, delamination in the form of Melinex® inserts moulded into the

samples, and out-of-plane impact damage of various energy levels.

Cylindrical samples made from this low cost composite are able to absorb up to 87
kJ/kg when tested quasi-statically. Dynamic testing was carried out as it provides a
better representation of the loading conditions the parts will see in operation.
Dynamically tested samples absorbed less energy than the quasi-statically tested
samples (up to 18%). This was due to the viscoelastic nature of the matrix causing a
greater degree of fragmentation at the higher test speed, leaving the load bearing

fibres less well constrained and therefore reducing their load bearing capability.

Square section tubes absorb less energy (up to 31%) than a circular section of the
same cross sectional area and fibre volume fraction. This is due to geometric stress
raisers at the corners causing intralaminar failure. This splitting at the corners leaves

the fronds less constrained and allows them to splay at a lower load.

A threshold level was found for each type of damage. Below the threshold level the
damage zone had no effect on the progressive failure mode or the specific energy

absorption (SEA). Above the threshold level unstable compressive failure occurs in

v



the form of a crack initiating at the damage zone and then propagating around the
tube. In this situation a portion of the tube breaks off uncrushed and therefore reduces

the energy absorption capability of the structure.

For this material tested, relatively small hole sizes (5mm) and relatively low impact
energy levels (1.5] — 3J) can cause unstable failure to occur at quasi-static test speeds.
However, it has been shown that the damage tolerance of the material increases (to

10mm and 3J — 9J) at higher test rates (5m/s).

Having observed the failure modes and damage tolerance of the tubes under various
testing parameters it was important to look at ways of improving the damage
tolerance of the samples. Moulding a thermoplastic interleaf into the sample to
increase the interlaminar fracture toughness increases the damage tolerance of the
tubes. Increasing the wall thickness and adding an interleaf increases the damage
tolerance by up to a factor of 9. However, the increased damage tolerance of samples
with interleaf was offset by a reduction in SEA by up to 48% due to a reduction in

coefficient of friction in the crush zone from 0.36 to 0.22.

The ultimate compressive stress (UCS) increases at dynamic test speeds and the mean
crush load observed decreases. Therefore the crushing stress of the dynamically
tested samples is a far lower percentage of the UCS of the material than under quasi-
static loading. A greater stress concentration is therefore required to cause unstable
failure at higher rates. Improved damage tolerance is also seen by increasing the wall
thickness of the sample, testing square rather than circular section samples, and
moulding interleaves into the samples. In all of these cases the changes that lead to
improved damage tolerance lead to a reduction in the crush load of samples as a

percentage of the ultimate crush load.

Understanding the work in this thesis will enable the design of damage tolerant
composite crash structures for the automotive industry. Such a part will, even with
the inclusion of accidental damage, be able to absorb the energy required in the event

of a collision.
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Glossary
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ASTM

Binder

BS

CAI

CoFRM

CSM

Cure

DCB

E-glass
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FRP

Filament

GRP
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Automotive Composites Consortium

American Society for Testing and Materials

A substance which provides cohesion between fibres within a

reinforcement
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Compression After Impact

Continuous Filament Random Mat

Chopped Strand Mat

Polymerisation of a resin - changing from liquid to solid

Double Cantilever Beam

Electrical glass, the type of glass most commonly used for fibre

reinforcement

Environmental Scanning Electron Microscope

Fibre Reinforced Plastic

A single fibre

Glass Reinforced Plastics

Instrumented Falling Weight
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Isotropic

Preform

Reinforcement

RTM

SEA

Size

SRIM

Thermoplastic

Thermoset

Tow

Weft

Wet-out

Having properties which do not vary with direction within the

material

An arrangement of dry fibres in the shape of a mould cavity
Fibres used to provide strength in a composite

Resin Transfer Moulding

Specific Energy Absorption

The surface treatment applied to glass fibres during
manufacture which protects the surface during processing and
provides a chemical link with the resin

Structural Reaction Injection Moulding

A polymeric material which is softened by the application of

heat and hardened by cooling in a reversible process

A polymeric material which is hardened by an irreversible

chemical reaction

An assembly of filaments

Unidirectional

The direction along the roll of a commercial reinforcement

material

The direction across the roll of a commercial reinforcement

material

Contact between fibre surface and matrix after polymerisation
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Nomenclature

OD

Pmax

Acceleration
Cross-sectional area
Diameter

Elastic Modulus

Specific energy absorption
Force

Acceleration due to gravity
Length

Mass

Outside diameter
Maximum crush force during stable crushing
Tube wall thickness

Speed

Fibre volume fraction

Width
Strain
Density

Stress
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Chapter 1: Introduction

1.0 Introduction

Composites are a mixture of two or more materials where the composite exhibits
greater properties than the sum of the individual parts. Modern composite materials
are made up using high modulus fibres in a brittle matrix. The fibres, which are the
main load bearing part of the composite, can be laid up in many ways. By weaving
the fibres with higher percentages in certain directions it can give the composite
greater directional reinforcement. This is useful for applications where the direction
of the applied force is known. A 45° braid angle will give the composite greater
torsional stiffness by again orientating the fibres in line with the load path.
Continuous filament random mat (CoFRM) and chopped strand mat (CSM) are also
used as they provide a certain amount of in-plane isotropy. CoFRM E-glass fibres

were used 1n this project due to their ease of use and relative cheapness.

Composites have a major advantage over other materials because of their high
specific strengths (4 times that of steel or aluminium for a glass reinforced plastic).
However, their main disadvantage is their cost. The raw materials are expensive, as
are the manufacturing costs for complicated shapes or certain materials. These are
generally found to be low volume production operations, but ongoing research into
reducing the manufacturing cost of composites will make them more accessible for
use in high volume production. Also, manufacturing techniques, such as automated
preform manufacture, as well as part integration are making composites more viable.
The evolution of this technology has brought unprecedented opportunities in terms of
shape evolution and local tailoring of reinforcement with orientation and local
architecture changing from one area to the next. As a result, designs can be optimised

for complex applications such as combined structural integrity and crashworthiness.

As well as improved energy absorption composites offer mass reduction (by up to half
over steel or aluminium for a glass reinforced plastic crash structure), allowing
reduced fuel consumption and improved vehicle performance. This has promoted
their increasing use in automotive design. The ability of a structure to absorb impact
energy and survive is called crashworthiness. Increasing public demand and

legislation make crashworthiness an essential requirement in vehicle design and
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manufacture, from cars and trucks to ships and helicopters. In automotive
applications primary energy absorbers, such as bumpers, are designed to absorb the
energy from small impacts seen in circumstances such as parking accidents. At
higher velocities the energy is absorbed in impact crumple zones, with the aim of

preserving the passenger cell integrity and limiting the forces seen by the occupant.

Extensive research into energy absorbing properties of composite tubes has shown
that, under appropriate conditions and with the correct design, composite materials
can absorb more energy per unit mass than an equivalent metallic structure. The way
they absorb the energy with a constant crush load is in line with the ideal deceleration
curve. A constant load and therefore constant deceleration is seen as ideal because
the crash energy is absorbed for a minimum deceleration level experienced by the
occupant. Metals fail by plastic buckling, which causes oscillations of the crush load
(see Figure 1). This means that higher deceleration levels are experienced by the
occupant for the same level of energy dissipation. Also due to the nature of their
failure mode composites are able to crush for a greater proportion of their length
before the compaction of the material causes the sustained load to rise sharply.
Therefore, their importance in the design of modern crashworthy components is

growing considerably.

etallic Energy Absorber

Composite Energy/Absorber

Load _A/\ i
T/ v \/ \—/ Ideal Energy Absorber

Displacement

Figure 1: Idealised Load-Displacement Graph of Different Energy Absorbers
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Theory

The CoFRM E-glass/polyester tubes tested in this project are positioned between two
parallel crush platens. The top crush platen then places the sample under axial
compression. Without a trigger the samples would fail by compressive shear (see
Figure 10). The 45° bevel provides a stress concentration by reducing the cross
sectional area of the tube at the crush platen. As the sample crushes the length of the
chamfer, the load steadily increases until a steady state load is achieved and a

progressive splaying mode is observed (see Figure 2 and section 2.2.1).

NN \\\\
\ TOp CrUSh Plate AxiallLoading
NN

\\\\\\\\\\\\\\\\\\\\
Top Crush Platen
\\\\ :\\\\\\\\\\\\\\\\\\:x

Y

Composite

/ Sample

45°
N\
\\\k\\\\\\\\\\\\\\\\\ \\1
\\\ Bottom Crush Platen \ \ Bottom Crush Platen
NN R EEEERERERRRRERRRRRR

Figure 2: Schematic of Progressive Splaying Development

This is the same for both quasi-static and dynamic tests. The wave velocity in the
samples is calculated as 2582m/s from Equation 1 (longitudinal wave velocity
through a material), using values of E=10GPa and p=1500kg/m’. The dynamic
samples are crushed with an initial velocity of 5Sm/s. As the stress wave propagation
is 500 times this value samples can be considered to be under a uniform stress state as

are the quasi-statically tested samples.

c=|E (1)
Vo,
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At the steady state crushing stress the sample will either continue to crush
progressively, or fail by fast fracture. The crushing stresses for the tubes studied here
are such that fast fracture will only occur in the presence of a stress raiser. A zone of
delamination, which will divide the tube wall into 2 or 3 thinner sections (depending
on the number of delaminations), can cause local buckling. Holes or areas of impact

damage will cause a stress concentration, which can also lead to fast fracture (see

Figure 3).
Axial|Loading Axial|Loading
\\\\\\ NN ‘\\\ \ RRRNIINRNNNN \\
\ Top Crush Platen \ Top Crush Platen
N \\\\\\\\\\\\\\\\\\\\ \AANANANNANANNNNNNAN
Delamin atlon Fast Fracture Hole

W/

ot —
\Bottom Crush Platen \ Bottom Crush Platen
ARSIy h\ NANANANANNANNNNNNNNNNNAN

Figure 3: Schematic of Fast Fracture Development

Fast fracture occurs if the stress in the sample exceeds the ultimate compressive stress
or the local buckling stress. A threshold damage level or hole size exists where the
stress in the material is just below that required for fast fracture. As the crush front
progresses, the centre wall crack splits the wall of the tube and acts as a stress raiser,

which cause fast fracture to occur in the vicinity of the crush zone.

Application

The tubes tested in this study are laboratory scale parts. In an automotive application
the composite part would be designed to absorb the energy of the car in the event of a
frontal impact. They would be manufactured into the front end of the vehicle and
subjected to axial compression. The final part would have to be designed to absorb
160kJ of energy, which is equivalent to the energy from a 1000kg car in a 40mph
crash (as required in the EuroNCAP crash test [1]). The frontal impact is offset so the
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energy would have to be absorbed in a single crash structure. The crush load it would
have to sustain would be 320kN assuming a 0.5m length of crush. This load level can
be achieved by tailoring the dimensions and geometry of the energy absorber. An
estimation of the size of energy absorber required based on experiments done in this
thesis would give a circular section tube, manufactured from CoFRM E-glass and
polyester, with outer diameter of approximately 150mm and an 8mm wall thickness.
These values also assume that the composite energy absorber is the only part of the
vehicle absorbing energy, which will not be the case, so values stated here would be

for a worst case scenario.

A structure with a higher specific energy absorption (SEA) level will have a lower
mass than a structure with a lower SEA level to absorb the same amount of energy.
As reducing the mass is beneficial in terms of being able to improve vehicle

performance higher SEA levels are therefore desirable.

Vehicles are designed with energy absorbing structures constrained so as to deform in
a manner that will absorb the maximum amount of energy. However, during the
vehicle life, non-service damage may accumulate in the structure. This damage may
be caused by low speed crashes, debris thrown up off the road, or user negligence
(such as jacking away from approved points or a tool being dropped during a service),
and may not be visible by casual inspection. Unstable modes of failure can result in a
catastrophic collapse of the structure resulting in a considerable reduction in strength
and stiffness making it unable to perform its primary function, absorbing energy. The
presence of damage can cause an unstable mode of failure. It is therefore important to

understand the effects of damage on the properties of composite structures.

This work sets out to provide an understanding of the effects of a range of non-service
type defects on the mode of failure and consequent energy absorption characteristics
of tubes manufactured from glass reinforced polymer composites. Non-service
defects are described as defects caused accidentally during the everyday running of
the vehicle, but are not induced by the use of the composite energy absorber for its
primary function, absorbing energy in a crash. The quasi-static and dynamic crushing

effects are also observed as are ways of improving the damage tolerance of the parts

investigated.
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2.0 Literature Review

This section will look at how damage affects composite structures as well as ways of
improving the damage tolerance of a composite part. It will also observe how the
constituent materials of a composite, fabrication conditions, geometry and test

conditions affect the energy absorption capability of a composite structure.

2.1 Damage

Impact damage

In this section we are looking at the effects of an out of plane impact on a composite
structure. Low velocity impacts are observed up to 30m/s. High velocity ballistic
impacts tend to be above 100m/s. There are four major modes of failure in low-
velocity impact as illustrated in Figure 4. Matrix damage is the first type of failure
induced by transverse low-velocity impact, and usually takes the form of matrix
cracking, but also debonding between fibre and matrix. The second, delamination, is
a crack, which runs in the resin-rich area between each ply of fibres. Delamination
caused by transverse impact only occurs after a threshold energy level has been
reached. Fibre failure mode generally occurs much later in the fracture process than
matrix cracking and delamination. It occurs under the impactor due to locally high
stresses and indentation effects, and on the non-impacted face due to high bending
stress. Perforation is a macroscopic mode of failure and occurs when the fibre failure
reaches a critical extent enabling the impactor to completely penetrate the material [2-
4]. Perforation in laminates subjected to impact loading has been identified as the
most important damage stage, as far as material response is concerned. However,
perforation alone causes only a small portion of mechanical properties degradation,
with delamination being identified as the other primary damage mode in impacted
composite laminates [5]. With high velocity impacts the tup can completely penetrate
the structure without creating a large zone of delamination. For a constant energy
situation a low velocity impact with a heavy object induces an overall target response,
whereas a high velocity impact by a light projectile induces a localised mode of target

deformation resulting in energy being dissipated over a small region immediate to the

point of impact [6].
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Hemispherical

Matrix Failure Tup

Delamination

e T
P

Compressive Perforation

A/Fibre Failure /

\ Tensile Fibre/

Failure

Figure 4: Modes of Failure in Low Velocity Impact

Cantwell and Morton [6] reviewed research papers and found that, of these four
failure modes, those that involve fracture of the matrix or interphase region result in
low fracture energies whereas failures involving fibre fracture result in significantly

greater energy dissipation.

It has been shown that an impact that may not produce any visible damage can create
a damage area in the order of 50% of the damage area for a fully penetrated specimen.
Dear and Brown [7] showed this through C-scan imaging of the damage zone after
damaging sheet moulding compound (SMC) laminates. The onset of visible surface
damage does not appear until the load displacement trace reaches its peak (see Figure

5), at which point through thickness damage starts to occur.
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7
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33 WA\
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Figure S: Load displacement graph for a drop-weight impact at 4.4m/s
compared with servo-hydraulic impact at 1m/s

It is important to identify what effect impact damage has on the residual compressive
strength of the composite laminate as the structural integrity of the structure can be
compromised by the impact. There has been much work on this in the form of
compression after impact (CAI) testing (Boeing standard BSS 7260) on samples cut
from flat plaques. All sources show a reduction in compressive strength as impact
energy is increased [8, 9]. CAI testing by Rigas and Petrie [10] on polyester/S2 glass
laminates of thickness 0.5", 0.625" and 0.75" impacted at 300 ft-1b (407J), 550 ft-1b
(746J) and 800 ft-1b (1085J) showed that compressive strengths were reduced by up to
50% after impact. Further reductions in post impact performance were minimal even

at the highest energy level.

Cantwell and Morton [6] suggest that the strain energy absorbing capacity of the
fibres is one of the most important parameters in determining the impact resistance of
a composite structure. Work by Corum er al. [11] supports this, finding that a glass
fibre composite was less susceptible to damage than a carbon fibre laminate resulting
in a smaller damage area for a given impact. However, the degradation of material
compressive strength due to the impact was greater for the glass than the carbon.
Different types of reinforcement can be incorporated in a matrix material to form
hybrid fibre composites. Adding low-modulus fibre reinforcements, such as glass,

aramid and ultra high molecular weight polyethylene (UHMWPE)), to brittle carbon
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fibres can greatly improve the energy absorption capability from an out of plane
impact. Peijs [12] found that this type of hybridisation could improve CAI strength
by 140%.

Work by Found ef al. states that materials with higher flexural stiffness give better
resistance to cracking when impacted [9]. This suggests the opposite of all the
previous findings, where carbon fibre composites were found to be less damage
tolerant than glass fibre composites. This work was done on purely glass fibre

samples and may not be generally applicable to all types of composite.

Mahfuz et al. [13] also found degradation in compressive performance of graphite
laminates with increased impact energy levels. Matrix toughening is another method
found to increase the damage tolerance of composites. Testing was on laminates
impregnated with three different toughened thermoset resins, two epoxy and one
cyanate ester. They found that the undamaged epoxy samples exhibited a greater
compressive strength, due to good adhesion to the sizing of the graphite fibre.
However, the CAl results show a greater damage tolerance of the cyanate laminates as
the energy of the impact appears to get dissipated effectively from the impact
location. This suggests that improved damage tolerance is often coupled with reduced
virgin properties. Bibo and Hogg [14] found similar trends with preforms produced
by a textile process, which did not perform as well as unidirectional prepreg tapes,
showing increased compression after impact performance. Their greater economic

viability may also lead to their greater usage in future aerospace applications.

It was found experimentally that the damage threshold for an impacted laminate is
strongly dependent on the thickness. With increasing laminate thickness, the damage
threshold moves to higher impact energies. Thus if we look at the size of the damage

zone then thick laminates are less susceptible to impact energy than thin ones [15].

Low velocity impact tests carried out on carbon-epoxy laminates of different
thickness suggested that the force at the point of delamination initiation, the
maximum force and related energy, and penetration energy all increase to the power
of approximately 1.5 with increasing plate thickness [16]. Therefore, by increasing

the wall thickness of a structure it is possible to increase its damage tolerance.
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Studying the contact between a rigid sphere and a laminate, some researchers
including Tan and Sun [17] demonstrated that the elastic Hertzian contact law could

be successfully applied. Here, the radius R of the contact zone is yielded by:

R« Fi (2)

where F; is the applied load. From equilibrium considerations, it follows that the
average shear stress 1 along the specimen thickness at the boundary of the contact

Zone 1s:

T= F; (3)
2nRt

where t is the laminate thickness. Assuming that the shear stress is responsible for

delamination initiation, from Equations (2) and (3) F; is calculated as:

Fioc(z.t)" (4)

This compares well with the power law quoted above.

Sample thickness is not the only factor that increases the damage tolerance of a
sample. Papanicolaou ef al. [15] suggest that impact damage is more sensitive to the
change of stacking sequence than of target thickness. Impact damage is less likely
when there are low modulus layers on the outside such as +45° layers of Kevlar® or
glass fibres. Although this suggestion is contradicted by de Freitas and Reis [18].
They found the delamination area due to impact loading to be a function of the
absorbed energy and relatively independent of stacking sequences used, but suggested

it is highly dependent on the number of interfaces

It has been shown that a delamination threshold load (DTL) for low velocity impact
loading on composite laminates can be found [19]. This is the impact load level at
which delamination occurs in laminated composites. The DTL can be identified on
load-time history curves for impact events. The DTL has been shown to vary with the

laminate thickness to the 3/2 power as predicted by other investigators.
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During the scaling of impact damage from test specimens to larger structures it has
been shown that delamination increases with specimen size more than would be
expected if stresses controlled the delamination extent, as would be predicted by
fracture mechanics [20]. To see this consider a generic expression for energy release

rate is given by:
Gi=c’rnaf(a/w)/Q (5)

where Gj 1s the energy release rate for delamination, o is the applied stress, a is
delamination size, f(a / w) is a finite width geometry factor, and Q is an appropriate
material stiffness constant. Noting that applied stress is proportional to impact
velocity in the present experiments, it can be seen that the impact velocity required to
produce a delamination size that is a given fraction of the specimen size should
decrease with increasing specimen size. Specifically, the velocity to cause this
relative delamination should decrease with the square root of specimen size. This was
observed experimentally with, for a constant damage area, velocities decreased from
24.4m/s to 18.3m/s to 12.2m/s as test specimen dimensions were doubled and then
doubled again. Fibre breakage does not show this effect, and appears to depend only

on the applied stresses or strains, independent of specimen size.

Pre-existing micro-cracks induced by thermal stresses can reduce the impact
resistance of composites [3]. Micro-cracks could also be formed due to shrinkage of
the resin, suggesting that epoxy matrix composites, which shrink by approximately
2% will be more damage tolerant than polyester matrix composites which have typical
shrinkage levels of 7-9%. This idea is supported by work by Sjogren and Berglund
[21] who state that the properties of polyester-based composites were usually inferior
to those of vinylester composites as a consequence of pre-existing debonds and
subcritical cracks resulting from microlevel curing stresses. However, other factors

are also influential, such as the failure strain and ultimate tensile strength of the

matrix.

Sjogren et al. [22] impacted carbon/epoxy plaques with either 16 or 48 plies. Post

impact, the tensile modulus of the 16 ply samples was seen to decrease by up to 80%
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in the most damaged region of the laminate, but only a 6% decrease was seen in the
thicker laminates. In the region of the plaques where the impact had caused mainly
delamination, only a moderate decrease in tensile modulus was observed, affirming

that the effect on elastic tensile modulus by delaminations is rather small.

All the work described so far on CAl is for test samples from flat plaques. Short ez al.
[23] found that the post impact compressive strength for a curved laminate was
similar to that for a flat plate. This suggests that similar trends will be observed in the
compression of tubular samples after impact. This is confirmed by the limited
literature on the subject, where it was seen that there is a reduction in the SEA of

composite tubes after impact damage has been caused [24, 25].

With tubes subjected to an impact the wall thickness greatly affects the amount and
even the type of damage caused to the specimen. For tubes with a Imm wall
thickness, cracks developed at the lateral sides with respect to the impact point due to
large elastic deformation of the thin walls. In contrast the thicker specimens, being
stiffer, developed cracks and delaminations in the vicinity of the impact area [26], as

was observed in the plaque samples.

As with plaque samples the extent of the effect of damage was dependent on the
constituent materials and fibre architectures. Karbhari [24] tested carbon / epoxy,
glass and carbon hybrid / epoxy and glass / epoxy tubular samples. The largest
impact related damage area was seen in the all carbon fibre specimens, with the
damage area decreasing with an increase in the number of layers of braid used. The
glass fibre triaxially braided tubes showed overall better response to impact than the
glass biaxially braided tubes. Increasing the tow size of the axial tows in the triaxially
braided tubes resulted in better overall performance due to the greater stabilizing
effect of the larger size tows. Many researchers have stated how it is possible to
decrease the damage caused by a given impact by using lower modulus fibres or using
a toughened matrix. However, the best damage tolerance for a given impact is often
in samples which require the smallest damage area to affect the properties of the
composite. Thus damage area is not always a good representation of damage

tolerance. Improvements in damage tolerance are often coupled with a reduction in

properties of the composite.
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Holes

For many structures it is necessary to drill holes for various purposes. One important
requirement 1s bolt holes. Bolted joints are used to transfer loads within a structure.
The strength of a bolted joint may be, to a considerable extent, influenced by the
quality and accuracy of the machined holes. If it were possible to machine holes
without defects, weight reduction and increased fatigue life would be possible.
However, machining defects, such as delamination, chip-out of fibres / matrix, and
degradation of the matrix due to overheating can reduce the strength of the composite

(see Figure 6).
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Figure 6: Delamination at exit (a) and at the entrance (b) side of the drilled hole
[27]

Testing by Persson et al. [27] was done using three methods of hole manufacture.
KTH, a new method developed at Kungl Tekniska Hogskolan, produced defect-free
holes in the specimens, by machining the laminate both axially and radially by
rotating the cutting tool about its own axis as well as eccentrically about a principal
axis while feeding the tool through the laminate. Around the holes made using a
polycrystalline diamond-tipped (PCD) drill, the defects extended from the edge of the
hole to a depth in the laminate nearly equal to one hole radius. Using a cemented

carbide drill with a sharp tip angle (Dagger drill) produced defects that extended from
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the edge of the hole to a depth in the laminate of nearly a quarter of the hole radius.
All drill types used are shown in Figure 7.

57

[mm]

Figure 6 Diamond grain-coated mandrel used for hole generation
using the KTH methad

11'/ e (’w/;»'(‘:/ s %M

Figure 7 PCD drill

Figure 8 Dagger dnl)

Figure 7: Drill types used for hole manufacture [27]

In all the testing the KTH specimens yielded the highest strengths and PCD
specimens the lowest. When new drills machined the holes the specimens exhibited
significantly higher strengths than when used drills were employed. This emphasises
the importance of hole manufacture as two identically sized holes may not cause the
same reduction in strength of a composite. It is important to maintain the sharpness of

a drill bit or replace it regularly throughout a test programme.

The inclusion of a Smm diameter hole was used by Cowley and Beaumont [28] in
centre notched tensile samples. The materials tested were Hercules IM8 carbon fibre
in an amorphous poly(ether sulphone) (PES) matrix, and a toughened thermosetting
polymer of cyanate esters, reinforced with IM8 fibres. Both materials used [90°/0°];
and [90,/0,]s orientations. Damage was seen to grow by splits in the 0° plies

extending from the notch tip, transverse ply cracks in the 90° plies and a delamination
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zone at the 0°/90° interface extending from the 0° split. The rate of split growth was
seen to be 50% lower in the PES samples than the cyanate ones due to the difference

in toughness of the two matrices, as was seen for impact damaged samples.

Caprino, Falzon and Herszberg [29, 30] modelled the effect of impact damage on CAI
strength. They chose to model the damage zone as an equivalent implanted hole and
found it was possible to show good correlations between experimental tests and
theoretical predictions for CAI strength. This makes it important to compare the

response of a material to an impact and the inclusion of a hole of an equivalent size.

Clarke and Pavier [31] also tried to simulate an impact damage zone in the form of a
delamination caused by a PTFE insert and by cutting some of the 0° fibres to reduce
the strength of the part prior to curing. By calibrating the size of the delamination and
number of cut plies against some damaged CFRP samples it was possible to simplify

a zone of damage and provide a means of predicting its effect.

Hamada et al. [32] designed FRP energy absorbers, which were bolted to a steel
column. The work investigates the effect of bolt diameter and number of bolts on the
energy absorption properties of the bolted pipe. It was found that progressive
crushing occurs when applied stresses on bolt joining regions do not exceed the
material strength. Although this work describes the attachment of the composite to a
steel column as a bolted joint, the bolt through the hole is merely acting as a bar,
without being held in place by a nut. This therefore doesn’t realistically simulate the

condition that would attach a composite energy absorber to a steel column.

In this section the importance of the drilling mechanism of the hole has been
highlighted. The drill bit used to manufacture the holes must therefore be regularly
replaced to minimise the impact of a hole on the SEA of a tube. It has also been
shown that it might be possible to relate a particular hole size to a particular impact

energy level, which would facilitate predicting the effect of the damage.
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Ways of improving damage tolerance

There are many variables that affect the material properties of a composite structure.
It is shown later how by selecting these variables carefully it is possible to improve
the energy absorption of a structure. In the same way, by tailoring the composite, it is

possible to increase the damage tolerance of a part.

Various approaches have been employed to improve the damage tolerance or
penetration resistance of composite materials. These include control of matrix
modifications, fibre-matrix interfacial adhesion, lamination design, introduction of
through-the-thickness reinforcements, insertion of interlaminar “interleaf” layers,
fibre hybridisation and utilisation of high-strain fibres [33]. The inclusion of
interleaves during manufacture can reduce the damage area [34], but reduces slightly
the compressive strength of the undamaged laminates tested. Interleaving techniques
decrease the area of damage due to impact and increase the CAI of the composite by
up to 100% [35, 36]. The role of the interleaves is to alter the failure mode by
allowing the transverse and delamination cracks to be arrested upon reaching the
interleaved strips and have been shown to greatly improve the interlaminar fracture

toughness [37].

Testing with a number of interleaf materials was carried out by Duarte et al. [38].
Polyethylene interleaves were successfully used to increase impact resistance, shown
by a decrease in damage area. However, this was accompanied by a reduction in
compression strength attributed to a lack of lateral support for the fibres. For
structural components the compression strength may be improved using a higher
shear modulus interleaf material such as polyetherimide film, which produced
reductions in damage area and significant improvements in compression after impact
strength. This is supported by Walker et al. who found that interleaving and short
fibre interlaminar reinforcement techniques improved the impact resistance of

[0°/90°]s carbon fibre/epoxy laminates [39].
Kim [35] reviews methods to improve impact performance of CFRPs. By adding

materials to toughen thermosets or using high performance thermoplastics it 1s

possible to improve the impact resistance of the composite. These can improve the
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CAI properties of the composite by up to 90%. Kim et al. [40] found that the residual
mechanical properties for composites with rubber-modified matrices are better than

those with unmodified matrices.

Using fibre stitching through the thickness of laminates is another way of enhancing
the interlaminar fracture resistance and hence impact performance. Composites
reinforced this way were found to be much more damage tolerant than those that were
unstitched, better than laminates with a toughened matrix and equal to a tough
thermoplastic matrix (APC-2). This corresponded to a compression strength of a
3mm laminate after a 45J impact of 270MPa compared to 150MPa for the unstitched

laminate [8].

However, Bibo et al. [41] have shown that the use of high tenacity aramid stitching
yarn does not necessarily translate to improved post impact compression strength over
fabrics produced with a conventional polyester stitching yarn despite a measurable
reduction in damage area caused by equivalent impacts. Suh er al. [42] showed that
selective stitching with Kevlar® 29 can improve the failure strength of stiffened AS-
4k fabric / 3501-6 epoxy composite panels after impacts. Hosur et al. [43] found that
stitching of the laminate improved the damage resistance as the stitching helped in
containing the damage within the grid location. However, preform stitching can

damage the fibre tows and lead to localised resin pooling at the stitch location.

Cantwell et al. [44] used high strain carbon fibres to improve the impact performance
of CFRP epoxy laminates. Increasing the strain to failure of a composite improves its
ability to absorb elastic strain energy in flexure resulting in superior impact resistance.
Damage size was significantly less than that observed in CFRP reinforced with
standard carbon fibres. After a 6] impact the residual tensile strength was 100%

greater than the standard composite, and 30% greater in compression.

The incipient energy (elastic strain energy stored before inelastic deformation occurs
owing to damage initiation) required for damage initiation can be increased by
improving the fibre/matrix interfacial bond strength. One way this can be achieved is
by changing the fibre surface treatment. This would lead to a reduced level of

damage for a given input energy if successful. However, due to increased notch
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sensitivity of the laminate arising from the brittle interface, the effect on residual
strength in tension is detrimental [45]. Hirai er al. also investigated the effect of
temperature on damage tolerance [46] and found reduced impact damage resistance
and damage tolerance of the laminates at elevated temperatures. This was attributed
to the poor mechanical properties of the matrix at high temperatures reducing the
incipient damage load, increasing the extent of major damage for a given impact
energy level. The tensile strength of epoxy resin decreases by about 80% whereas the
failure strain increased 11 times when the temperature is changed from -50°C to

80°C.

A study by Kessler and White [47] into the healing of delamination damage in woven
E-glass/epoxy composites found that it was possible to repeat DCB tests after healing
and achieve up to 67% of the virgin fracture toughness by injecting a catalysed
dicyclopentadiene (DCPD) monomer into the delamination. Another healing system
was tested where capsules of catalyst for the monomer were embedded in the original
matrix of the composite. These capsules would be ruptured in the delaminated area,
allowing the catalysing of the monomer once it is injected into the delamination zone.

Healing by this method only achieved only 19% of the original fracture toughness.

In this section we have seen a number of ways to improve the damage tolerance of a
composite. Introducing an interleaf was seen to reduce the area of damage caused by
an impact and increase the CAI strength. However, this was at the expense of a
reduction in compressive strength. Toughened thermosets and tough thermoplastics
were also seen to improve impact performance, as was the use of high strain fibres.
Stitching the preform was also seen to improve damage tolerance, but not in all

sample tested.
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2.2 Energy Absorption

An ideal energy absorber will decelerate the passenger cell at a constant rate.
Metallic crash structures and some composites, such as those with aramid fibres,
undergo extensive plastic deformation after the onset of yielding and crush by

buckling when subjected to axial compression (see Figure 8).

Figure 8: Buckling Failure Mode of Aluminium Tube [48]

Thermosetting polymers are brittle, as are both carbon and glass fibre, which means
that they generally observe little plastic deformation. This means that they tend to
deform in a different manner to metals in order to absorb energy. During crushing, the
load on the specimen over the crush length affects the amount of energy absorbed as

the SEA is calculated from the area under the load-displacement graph.

A typical load — displacement graph for the progressive crushing of composite tubes
has a rising section, where there is a transition between the crushing mode associated
with the chamfer region and the establishing of the progressive crush mode. A steady
state crushing load is then achieved, during which there are small amplitude
fluctuations due to stable crack propagation, and then a sharp rise at a displacement

where debris is being crushed between the crush platens (see Figure 1).

Many parameters affect the specific energy absorption of composite materials. This is

highlighted in Figure 9.
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Figure 9: Parameters Affecting Specific Energy Absorption [49, 50]

2.2.1 Failure Modes

Composite tubes can fail by a number of modes due to axial compression, either
catastrophically or progressively [51, 52]. Under axial compressive force tubes can
fail catastrophically by compressive shear or axial splitting of the tube wall (see
Figure 10). Composite components made from brittle materials like glass and carbon
fibres, and epoxy and polyester matrix materials are more susceptible to this type of
failure. Catastrophic failure modes absorb less energy than if they had crushed by a
progressive failure mode, making them of little interest for use in crashworthy

structures. Composites made with ductile fibres (e.g. aramid) can fail by buckling,
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which provides the same problems as with metallic tubes with the load taken

oscillating with large amplitude.

Figure 10: Unstable Failure of Composite Tubes under Axial Compression
(a) Axial Splitting, (b) Compressive Shear

Farley [53] describes the crush efficiency of energy absorbing structures. Metals can
only crush to 50% of their original length due to the folding mode before bottoming
out and the load increases sharply. Wierzbicki and Abramowicz [54] state that
generally a metal tube will have a crushing distance equal to about 67% of the
original height of the member. Jones [55] describes stroke efficiency as crush length
before bottoming out (point at which the load taken increases rapidly) divided by
original length. He quotes typical stroke efficiency values for steel tubes of 75%.
Typical SEA values for metallic energy absorbers are 45kJ/kg for steel and 60kJ/kg
for aluminium [56]. Snowdon and Hull [57] state a value for the SEA of steel tubes
of about 20-25kJ/kg, which failed by multiple hinge formation involving significant

plastic deformation.

With composite materials it is possible to crush the energy absorber further than
metals before the debris trapped inside the tube becomes compacted and reduces the
effective crushable length of the tube. For CoFRM / polyester tubes the stroke
efficiency was calculated at over 80% [48]. SEA values for composite materials have
been achieved as high as 227kJ/kg [58] for carbon fibre [£15°]/PEEK while cheap
SMC (Sheet Moulding Compound) can achieve 50-70kJ/kg [50] (see Figure 11 for

reported SEA values).
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Figure 11: Typical Specific Energies of Different Materials [50].

Crashworthy composite structures are designed to absorb energy in a controlled
manner. This is achieved by progressive crushing. Crush is initiated at a stress
concentrator, such as a chamfer. Microfracture then initiates in the chamfered region
leading eventually to the generation of a stable crush zone. The energy absorbed in
this way is greater than the energy absorbed in catastrophic failure modes. The form,
of the crush zone is dependent on many factors including fibre arrangement, tube
geometry and test conditions. Based on the crush zone morphology, they can be
grouped into splaying (see Figure 12) or fragmentation modes (see Figure 13). As
well as these, progressive folding modes, similar to those experienced by metals,

occur in the more ductile fibre composite tubes.

Splaying

The main feature of the splaying crush mode is the annular wedge of tightly
compacted and highly fragmented debris that is forced axially through the tube wall.
The wedge is formed during crushing of the trigger and subsequently deflects
delaminated strips from the wall radially inward and outward in the form of a
continuous frond (see Figure 12 from Fairfull and Hull [59]). The splaying mode is

usually observed in structures containing a relatively high percentage of axial fibres

[60].
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Figure 12: Schematic of the Splaying Crush Mode [59]

Eight factors contribute to the energy dissipation [59].

1.
2.

Propagation of mode I opening crack at the apex of the debris wedge.
Frictional resistance to penetration of the debris wedge between the internal
and external fronds.

Extensive delamination in the fronds, where they are deflected through a small
radius of curvature by the wedge.

Flexural damage at the delamination limits in the form of multiple transverse
cracking through the individual plies of the fronds.

Frictional resistance to sliding between adjacent plies as they pass through the
deflection arc of the crush zone.

Frictional resistance to internal and external fronds sliding across the crush
platen. With cylindrical tube, there is no relative movement between the
debris wedge and the crush platen, since after its initial formation the wedge
has been shown to remain essentially unchanged [61].

Propagation of the axial splits between fronds. The spacing of the splits and
hence number of fronds is governed primarily by the initial external curvature
of the tube.

Multiple longitudinal cracking through the individual plies of the fronds

facilitating their transverse flattening.
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Five of these are fracture mechanisms (1, 3, 4, 7 and 8), resulting in the creation of
new surfaces, and three are friction processes resulting in energy absorption. Berry
[62] and Keal [63], found that the fracture mechanisms account for approximately
one-third of the overall energy absorption. Fairfull suggests that the frictional effects

account for approximately one-half of the total energy absorption.

Farley [53, 64-66] reported that the principal energy absorbing mechanism for
splaying is matrix crack growth and that the central wall crack length is usually at
least one order of magnitude greater than that of the fragmentation mode (see centre

wall crack lengths in Figure 13 and Figure 14).

Fragmentation

Mode I crack
growth (fracture)

INSIDE
OUTSIDE

Figure 13: Schematic of the Fragmentation Crush Mode [60]

In fragmentation the tube wall fragments due to shear cracking and fragments are
forced to the inside and outside of the tube before complete separation from the tube

wall (see Figure 13).

Buckling

During progressive folding the load-displacement curve can be divided into three
sections. In the first region the load increases rapidly and reaches a maximum load
before dropping rapidly because of load relaxation associated with the initiation of a
folded region at one end of the tube. The fold is initiated by shell buckling. In the

second region the load oscillates about an average load as successive folds are
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formed. The second stage is complete once the tube is fully folded and leads to a

rapid increase in load in stage three (see Figure 1 and Figure 14).

Figure 14: Schematic Representation of Progressive Folding [60].

Composite tubes that fail by splaying absorb more energy than samples that fail by
fragmentation or folding. It is therefore important to promote a splaying failure mode
for composite crash structures in order to optimise the amount of energy they can

absorb.

2.2.2 Constituent materials

Matrix material

Ramakrishna and Hamada [49, 50] state that the SEA order for thermoset resins is
phenolic < polyester < vinylester < epoxy when used as the matrix material in
composite crash structures. Thermoplastics have order Polyetheretherketone (PEEK)
> Polyetherimide (PEI) > Polyimide (PI) > Polyarylsulphone (PAS) [50]. Satoh et al.
[67] provided SEA values for carbon/PEEK of 194kJ/kg, carbon/PEI of 155kJ/kg,
carbon/PI of 131kJ/kg and carbon/PAS of 128kJ/kg. These results for expensive (up
to £67/kg), high temperature thermoplastics compare with values for equivalent

carbon/epoxy tubes of 110kJ/kg and glass/unsaturated polyester tubes of 80 kJ/kg
[60].
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Turner [68] at the University of Nottingham fabricated tubes from CoFRM E-glass
and found that epoxy resin provided the greatest SEA, then vinylester and finally
unsaturated polyester (see Figure 15). By blending vinylester and polyester it was
possible to change the SEA in proportion to the mix ratio. The cylindrical tubes
tested in the work by Turner had outer diameter of 88.9mm, wall thickness of 4mm

and fibre volume fraction of 23%.
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Figure 15: Effect of Resin Type on SEA of CoFRM E-Glass Composite Tubes
[68]

Hamada et al. [69] compared carbon fibre tubes with thermoplastic (PEEK) and
thermoset (epoxy) matrices. With 0° fibres the epoxy tubes failed by extensive
cracking parallel to the fibres (as shown in Figure 10 (a)). The PEEK tubes crushed
by splaying with an SEA of 180kJ/kg. Measurements showed that the G of
carbon/PEEK (1560 to 2400Jm™) was over 10 times the corresponding value for the
epoxy based material (120 to lSOJm'z). The PEEK matrix therefore provides much
higher resistance to crack growth between the fibres so the tube does not fail unstably
before the onset of progressive crush. It is important to have some type of hoop
constraint to prevent axial splitting. This may be in the form of a high fracture
toughness matrix, such as PEEK, or by orientating some fibres in the hoop direction.

At £67 per kilogram the former may be prohibitively expensive, whereas the latter
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may require the removal of some axial fibres to enable their inclusion and therefore
reduce the load bearing capacity of the composite. By optimising the percentage of

axial fibres it is possible to ensure stable crush and maximise SEA (see Figure 16).
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Figure 16: SEA vs % Axial Fibres for (a)[90°]s, (b) [90°3/0°]s, (c) [90°2/0°,]s,

(d) [90°/0°;]s and (e) [0°]s Data from Curtis [70]

Fibre material

The main fibres being used include in research and industry for composite structures
are carbon, graphite, glass, aramid and hybrids of these. Thornton and Edwards [71],
Schmeuser and Wickliffe [72], Farley [65, 73, 74] and Hull [60, 75] observed that
carbon and glass fibre reinforced thermoset composite tubes crush progressively by
splaying and fragmentation modes. Aramid fibres in a thermosetting matrix, however
fail by progressive folding like metallic parts. This can be attributed to the lower
strain to failure of the carbon and glass fibres at about 1% and 4% respectively,
compared to 8% for aramid fibres. The carbon fibre reinforced tubes have higher
specific energy absorption potential due to higher modulus and strength, and lower
density of the carbon fibres compared to glass fibres. Aramid fibre reinforced tubes

are generally shown to have even lower SEA values.
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Karbhari [76-78} found that it was possible to improve the SEA through
hybridisation. By replacing the glass or Kevlar® axials with carbon in triaxially
braided glass or Kevlar®/vinylester tubes it was possible to significantly increase
crush performance while retaining post-crush integrity. This is to be expected as
carbon fibre composites generally have higher SEA values than glass or Kevlar® of
the same architecture. The results also show increased performance in all samples
with the triaxial braid over the biaxial ones. The work by Peijs [12] took carbon
samples and made hybrids by increasing the amount of glass and Kevlar® and
improved CAI by 140%. This work by Karbhari shows that the overall crush
performance due to such hybridisation is reduced. This emphasises that it may be

necessary to find a balance between energy absorption and damage tolerance.

Fibre content

Snowdon and Hull [57] found that an increase in fibre volume fraction in sheet
moulding compound (SMC) from 13% - 18% gave an increase in specific energy
from 38.7kJ/kg to 53.5kJ/kg. Increasing the volume fraction further to 25% only gave

a further smaller increase to 56kJ/kg

Tao et al. [79] varied the fibre volume fraction in glass fibre / epoxy tubes from 10% -
60% and saw an increase in SEA up to saturation at 50%. Another study by Tao et al.
[80] using unidirectional E-glass fibre rods found the specific energy absorption to
increase with fibre content. These rods (7mm OD) also showed increases in SEA

with fibre diameter, matrix yield strength and crush rate.

Farley [81] reported in his work with carbon fibre / epoxy samples with volume
fractions between 40-70% that the SEA decreased with increasing volume fraction.
This was attributed to reduced interlaminar shear strength of the composite with

increased fibre content.

Work in this section shows how increasing the fibre volume fraction, where the fibres
are the main load bearing part of the composite, increases the SEA. However above a
critical level, which seems to be determined by the type of fibre and matrix involved,

the SEA can decrease due to reduced ILSS as suggested by Farley [81].
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Fibre Architecture

The architecture of the fibre in the composite material can come in many forms. This
enables composites to be tailor made for the application and stresses that the part is
likely to see in use. It is possible to vary the stacking sequence and orientation of the
fibres, although it is necessary to keep the laminate balanced. Fibre is produced
woven or knitted in the required orientation, such as unidirectional or +6°. The fibre

can also be braided or come in a random form with fibres either as a continuous

filament or chopped strands.

Quek er al. [82] found that under quasi-static crush conditions the crush load for CSM
glass fibre tubes oscillated less about the steady state crush load than braided tubes,

which exhibited a more distinct periodicity (see Figure 17).
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Figure 17: Graphs Showing Crush Response of (a) Axially Loaded CSM Tube,
and (b) Axially Loaded Braided Tube

This response suggests that braided tubes are more likely to fail by a buckling failure
mode. If it were then possible to promote splaying by adding more axial fibres (as

suggested by Hull [60]) then it may be possible to increase the SEA further.

Hamada and Ramakrishna [83] found that by changing the angle of the carbon fibres
from 0° to £15° it was possible to increase the SEA of the carbon/PEEK tubes from
194kJ/kg to 225kJ/kg. Increasing the proportion of axial fibres within a composite

will generally increase the SEA. In this case where all the fibres were aligned axially,
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by changing the orientation to +15° increases the hoop constraint, the stability of the

crush and the SEA.

However, with too much hoop constraint the tendency to splay can be considerably
reduced. This was seen by Ramakrishna [84], who tested knitted fibre composites in
both warp and weft directions. The weft knitted carbon fibre/epoxy tubes had higher
SEAs (65.5kJ/kg) than weft knitted glass fibre/epoxy tubes (54.0kJ/kg). The warp
direction provides greater hoop constraint and hinders splaying leading to greater
fragmentation. The weft direction has lower hoop constraints favouring splaying.
The splaying failure mode is more efficient leading to higher SEAs. The SEA of the
knitted fabric composite increased with increased fibre content. Volume fraction
increases for glass from 14% - 26% saw an increase in SEA from 46kJ/kg to 54kl/kg.
For carbon the increase was from 54kJ/kg to 65.5kJ/kg for a fibre volume fraction
increase from 19% - 31%, following the general trend established in the previous

section.

2.2.3 Geometric properties

Cross sectional shape

Thornton [71, 85] states that for simple cross-sections, the SEA of fabric lay-up tubes
of a given size increases in the order rectangular < square < circular. These findings
are supported by Mamalis et al. [86, 87], Farley [65], Chadwick [88], Chiu [89] and
Price [90]. This is attributed to the corners acting as stress concentrations leading to
the formation of splitting cracks (see Figure 12). Typical SEA’s for square samples
are 50kJ/kg for carbon and 26kJ/kg for Kevlar® and glass. Thornton’s work [91] on
glass/epoxy square tubes found that increasing the wall thickness from 1.3mm to

2.8mm increased the SEA from 16kJ/kg to 31kJ/kg.

It has been possible to achieve greater energy absorption potential from conical
structures than any other geometry. Cones can be made to crush progressively with
an approximately linear increase in load due to an increased area being crushed. Thus
it is possible to design energy absorbing structures with controlled load-displacement

ramps. However, in the introduction it was stated that the ideal loading situation was
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to have a constant deceleration. Therefore tubular structures may be more desirable.
Mamalis et al. [87, 92, 93] carried out extensive testing on composite frusta and found
that the failure mode was affected by shell geometry, fibre architecture and fibre and
matrix properties. They also state that increasing the angle of a cone results in lower
specific energy. Unstable failure was seen above a threshold semi-apical angle of
15°-20°. It is also possible to initiate crush of cones without a trigger [94]. The
energy absorption of cones varies in a complex way with cone angle, diameter and

wall thickness, and in some cases exceeds values recorded for axisymmetric tubes.

Price and Hull [94] also found that slotted and sectioned tubes can fail progressively,
but SEA 1s reduced compared to complete tubes. Hamada er al. [95, 96] crushed full
circle, three-quarter circle, half circle and quarter circle glass cloth/epoxy and
carbon/PEEK tubes. As the cross section decreased from full to quarter circle, the
SEA decreased by 20% for the glass specimens. The reduction for the carbon/PEEK
samples was far less (3.6%). Duckett [97] found similar trends for CoOFRM E-glass /
polyester tubes with a quarter section tube exhibiting a 19% lower SEA than a full
circle. The SEA of half section samples was 5% lower and three-quarter sections was

less than 1% lower than the full circular sample.

Mamalis et al. [98] investigated an hourglass cross section frame rail for use in the
apron construction of the car in order to achieve higher loading capacity at this
location of the car body when subjected to axial collapse and/or bending. However, a
problem with the design was found associated with the delaminations and residual
stresses developed in the curved regions of the beam during fabrication, which may
cause severe limitations in its load-carrying capacity by initiation of micro cracking

sites in the beam.

It has been shown in this section that it is important to have closed section tubes as the
part sections always exhibit lower SEA capability than a complete section. Circular
section tubes absorb more energy than equivalent square tubes, although Browne [99]

states that it is easier to incorporate a square crash structure rather than a cylindrical

crash structure into the design of a vehicle.
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Dimensional Effects

With carbon fibre / PEEK tubes Hamada et al. [100] found that SEA was dependent
on the absolute value of t rather than the t/D ratio. However, the absolute value of t
affects the t/D ratio and it can be seen in Figure 18 that graphs of both SEA vs t and
SEA vs t/D show similar trends for carbon/PEEK tubes. t/D results for this material
showed unstable failure for ratios of less than 0.015, and highest SEA values for wall

thicknesses in the range of t=2-3mm.
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Figure 18: Variation of SEA with Tube t/D Ratio and Wall Thickness (t) [50]
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Johnson et al. [101] and Browne et al. [102, 103] tested structural reaction injection
moulded (SRIM) and resin transfer moulded (RTM) glass/vinylester tubes with
architectures ranging from random chopped mat to triaxial braid. The results showed
that increasing the wall thickness of a tubular crush structure increased the SEA.
Fairfull and Hull [104] saw a similar trend from their work with glasscloth / epoxy
tubes, with SEA also increasing with increasing t/D ratio up to 0.20, above which it
decreased. Farley [105] reported a similar non-linear trend with elliptical cross-
section tubes. Farley [73] also found that as the t/D ratio increased the SEA capability
increased non-linearly for graphite / epoxy tubes. At the lowest t/D ratios unstable
buckling of the composite tubes were observed, which led to low SEA values. In the
next range of stable failure a linear increase in SEA with t/D was observed. At the

highest t/D ratios an almost constant SEA was seen.

Thornton [71] used relative density (ratio of the density of the tube to the density of a
solid cylinder of the same diameter) as a measure for the relative difference between
wall thickness and specimen size. His work found that for square and rectangular
graphite tubes the relative density required to guarantee stable failure was higher than

that for circular tubes with values of 0.075 and 0.025 respectively.

There is a definite trend between wall thickness, t/D ratio and SEA. The thinnest
tubes and tubes with the lowest t/D ratio fail by unstable buckling. This leads to
decreased energy absorption capability. It is possible to increase the SEA by
increasing the wall thickness and t/D ratio. However, above a critical level the SEA
then decreases. The optimal wall thickness and t/D ratio were shown by Ramakrishna
and Hamada to be 2-3mm and approximately 0.6 respectively. These values will vary
for different materials, but provide a good basis for tube geometry design. It is also
important to note that square tubes may require a greater wall thickness to ensure

stable crush.

Trigger mechanism

A trigger is required at one end of a structure to initiate stable crush. It will act as a
stress concentration, usually by reducing the cross sectional area of the tube. This can

be done by machining a bevel (chamfer) or tulip shape at one end of the crash
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structure (see Figure 19). This leads to a gradual initial increase in load and the
growth of a stable crush zone. Without a trigger mechanism composites can fail by
unstable axial collapse or compressive shear (as seen in Figure 10). Grundy [106]
found that at high speeds composites without an initiator fail catastrophically by
shattering the material. This does not provide optimal energy absorption so a trigger
is required to cause the fragmentation at the microscopic level, which will initiate
stable crushing. Farley [107] found that by introducing a chamfer the peak load can

be greatly reduced without affecting the sustained crushing load.

Figure 19: a) 45° Tulip Trigger, and b) 45° Bevel or Chamfer Trigger

Czaplicki et al. [108] found that the use of a tulip trigger rather than a bevel trigger on
E-glass/polyester and E-glass/vinylester pultruded tubes can increase the SEA by up
to 100%. This was attributed to deeper crack penetration and larger distance between
fracture lines for bevel triggered samples (a schematic illustration of fracture lines can
be seen in Figure 20). Nearly all the fracture that takes place in the surface glass mats
occurs at the fracture lines. Therefore, more closely spaced fracture lines result in
more total fracture in the tube and hence more energy absorbed. Once initiated by the

trigger the pattern continues for the length of the crush.
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Figure 20: Schematic illustration of fracture lines [108]
Jimenez ef al. [109] also tested glass/polyester pultruded tubes and found that there

was little difference between the SEA of the tulip and bevel triggered samples.

Sigalas e al. [110] investigated the effect of chamfer angles from 10° to 90°. In the
glass/epoxy tubes the crushing process was initiated by local bending of the
chamfered parts of the tubes and by internal cracking. These events gave rise to the
generation of wedges of crushed material which were pushed to the inside of the tube
wall. The stresses generated at the root of the wedge gave rise to lateral cracks, which
caused small rings of material to be sheared off. This sequence of events dominated
the initial stages of crush before the crush mode changed to a frond-wedge-frond
geometry. The angle of the chamfer did not affect the steady state crush load

achieved once the crush zone had progressed beyond the chamfered region.

Hull and Coppola [111] found that for tube crush against a flat platen, the initial
chamfer angle has a significant effect on the crush load required to initiate crush, but

as found by Sigalas et al. it does not affect the progressive crush load.

Thuis and Metz [112] tested various trigger mechanisms by cutting the preform at
different plies at the end of the tube to initiate crush (see Figure 21). They found that
the different trigger configurations affected the failure mode and energy absorption,
with the configuration which simulates the chamfer having the best efficiency. They
also found that splaying failure absorbed more energy than fragmentation, and that the

use of unidirectional axial fibres is essential to promote splaying.
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Trigger no. 5:
Adding a radius of Smm at one end of the
cylinder

Figure 21: Different trigger configurations [112]

There appears to be no significant improvement in SEA for one trigger type over
another. Tulip triggers remove more of the sample than bevel triggers and this will
lead to an overall reduction in energy absorbed. A 45° bevel was used by Curtis,
Duckett, Fernie and Turner [48, 70, 97, 113] to trigger crush on similar
CoFRM/polyester tubes. This trigger mechanism was therefore used to enable direct

comparison with their data if required.

2.2.4 Testing conditions

Test speed (Quasi-static / Impact)
The matrix materials used in composites are viscoelastic. This means that their
response to loading will be rate dependent. The fibres used (carbon and E-glass) are

linear elastic so they will be less susceptible to a change in properties with loading
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rate. Farley [114] suggests that the effect of test rate on SEA is related to the failure
mode of the composite. It depends on whether the mechanism that controls the
crushing process is rate dependent. So for sample failure where the fibres play the
dominant role in the failure mechanisms the energy absorption should not be a
function of test rate. Previously Farley [107] had found from tests on graphite/epoxy,
Kevlar®/epoxy and glass/epoxy tubes that the static and dynamic (7.6m/s) tests
produced essentially the same energy absorption, failure modes and post crushing
integrity. Tests on SMC circular tubes by Snowdon and Hull [57] also found that in

the range 0.004ms™' to 14ms™ there was no significant effect on energy absorption.

Many researchers have found that the SEA of samples decreases with increased test
speed. Johnson et al. [101] and Browne et al. [102, 103] found this to be true apart

from at elevated temperatures when the static performance degraded.

Hamada and Ramakrishna [115] also observed an SEA reduction. Carbon/PEEK
tubes that had SEA values of approximately 200 kJ/kg when tested quasi-statically
saw reductions to half that value when tested at 8.5m/s. This was attributed to a
change in failure mode from splaying to more fragmentation of the tube wall.
Mamalis et al. [87] also found that higher crush speeds significantly affect the
behaviour of polyester and vinylester resin. Random chopped mat glass / polyester
composites were seen to absorb some 35% less specific energy at increased crush
speed (21m/s). It was clear that at higher crush speeds the crushing mechanisms of
tubular specimens with large thickness differ from the static cases. Mamalis et al.
[92] suggests that the reduction seen in the energy absorption of dynamically tested
fibreglass composite square frusta is probably due to higher values of static friction

coefficients between the wedge and the fronds and the crush platen and the fronds.

Results by Schmueser and Wickliffe [72] show that the SEA decreases with a test
speed increase by as much as 30%, and suggests that studies based entirely on quasi-
static test data can over-estimate the energy absorption levels obtainable in a dynamic
application. A 20% decrease was seen also seen by Ramakrishna [50] for both the

knitted carbon and glass fabric/epoxy tubes as the testing speed increased from quasi-

static to dynamic (13m/s).
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Fernie and Duckett [48, 97, 116] tested braided carbon/vinylester tubes with a range
of orientations and wall thicknesses and found that both circular and square section
tubes with thin walls (~2mm) were more susceptible to the folding mode (or a
combination of folding and splaying) resulting in lower SEA. The folding mode in
thin-walled tubes changed to progressive splaying at Sm/s, resulting in higher SEA.
However, for tubes that crushed by progressive splaying quasi-statically, the SEA was
seen to decrease with increased test rate, which was attributed to the viscoelastic
nature of the resin, where at high rates the resin becomes more brittle and fractures
earlier, leaving the fibres unconstrained. The tensile and compressive strengths
increased at dynamic loading rates (5m/s) by up to 37% and 102% respectively.
Work on CoFRM E-glass / polyester showed similar trends with a tensile strength
increase of 115% and a compressive strength increase of 26%. This compared to
values of 74% and 112% for pure resin samples. Geary [117] found that fracture
toughness also increased, by a factor of 2.5 to 3, at higher test speeds. This was

attributed to a change in fracture mode from fibre fracture to fibre pull-out.

Similar changes in failure modes at rate were observed by Russell et al. [118]. They
found that thin-walled tubes that failed unstably by buckling at quasi-static test speeds
had these instabilities suppressed at higher compression rates. The instability problem
was also overcome by foam filling the tubes. Brachos and Douglas [119] also fqund
that it was possible to stabilise the crush mode of samples which buckled by inclusion
of a foam core, and thus increased the energy absorption capability of a tube. With a
core the cylindrical samples absorbed more energy than rectangular samples with the

same braided structure.

Hamada ef al. [95, 96] managed to change the failure mode of samples by varying the
sizing on the fibres. Aminosilane or acrylsilane treated glass cloth/epoxy specimens
were tested. Aminosilane is a suitable coupling agent for epoxy and acrylsilane is not.
The aminosilane treated glass cloth/epoxy tubes crushed by splaying and the
acrylsilane treated specimens crushed by fragmentation independently of cross section
shape. Further testing by Hamada et al. [120, 121] on glass cloth treated with either
aminosilane or acrylsilane/epoxy composite tubes was done quasi-statically at

Imm/min and dynamically at 8.5m/s and found that the aminosilane treated tubes
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crushed progressively by splaying at both test rates and exhibited no change in SEA.
The acrylsilane treated tubes saw a 15% increase in SEA with test speed attributed to

the change in crushing mechanism from fragmentation to splaying.

The mode of failure has been seen to be the most important factor in influencing the
SEA of a tubular structure. For polymer composites, clearly defined modes of failure
have been identified, and it has been shown that the progressive splaying mode results
in the highest SEA in each case. However, samples that splay quasi-statically tend to
show more signs of fragmentation at higher test speeds and a subsequent reduction in
SEA. Samples that fail by buckling quasi-statically may fail more by splaying
dynamically and therefore have higher SEA levels. This can explain why some
researchers have seen SEA increases with rate, while others have seen SEA decreases
and some have seen no change at all. The majority of the work observes SEA
decreases with test rate so it is important to test samples dynamically as this

represents closer the conditions they will see in their application.

Off-axis testing

Fleming and Vizzini [122] looked at the effect of side loads on the energy absorption
of composite structures. They took a very slightly tapered (1°) graphite/epoxy cone
and crushed them at off axis angles up to 20°. For small levels of side load (5%) the
energy absorption was improved. At higher levels (10° - 20°) it is reduced
significantly especially at the highest angle where all the samples toppled.

Crush platen condition

Fairfull and Hull [59] investigated the role of friction on the energy absorption of
glass cloth/epoxy tubes when crushed against four hardened steel platens of different
surface roughness. They found that friction can account for more than half of the
overall energy absorption of composite tubes. Fairfull [61] showed how an interlayer
of PET film, causing the debris wedge to pass between two smooth surfaces, reduced

the SEA by 23% and reduced the serrations in the force-displacement trace.
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Farley et al. [123] investigated 50 different combinations of fibre, matrix, and ply
orientation on the effect of two different crushing surface roughnesses on energy
absorption. They found that samples that failed by lamina bending were the only ones
that were affected by surface roughness. If the failure strain of the fibre exceeds that
of the matrix then increasing the surface roughness increased the energy absorbed. If
the failure strain of the matrix exceeds that of the fibre then the opposite is seen.
When the failure strain of the fibre was similar to that of the matrix there was no

change.

Instead of using flat crush platens internal plugs with different radii of curvature have
been used to control the way tubes crush. These can be used in addition to varying
the angle of the chamfered trigger (see Figure 22). Hull and Coppola [111]
investigated the use of internal plugs and found that the geometry of the internal
mandrel trigger has a significant effect on the progressive crush load. Maximum
crush loads were observed when the crushed material was constrained to move
through a sharp radius of curvature at the crush zone. This work is backed up by
work by Cooper [124], who was able to increase the SEA of CoFRM E-glass /
polyester circular tubes from 65.8 to 95.9kJ/kg, by optimising the radius of a plug
initiator to be close to the wall thickness of the sample. Another advantage of using a
plug initiator is that the stroke efficiency of the composite will be approximately 1.0

as all the debris will be dispersed to the outside of the tube.

- < (0.lmm

Y

Figure 22: Internal mandrel trigger illustrating chamfer angle, @, and radius of
curvature, R [111]
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2.3 Conclusions

It has been shown in the literature that by changing either specimen geometry or
constituent materials it is possible to affect the energy absorption potential of a
composite structure. Progressive splaying achieved the highest SEA. It was therefore
deemed necessary to keep as many of these factors constant in this study. For all the
geometries tested the fibre volume fraction was kept constant. The circular and

square samples were also designed to have constant cross-sectional areas.

Quasi-static testing is important to provide a basis for comparison, but it is more
important to test samples at dynamic rates as this will provide an understanding into
how the structure will react during crash conditions. It has been shown that both
constituent material properties and energy absorption are affected by test rate.
Samples that splay quasi-statically were seen to experience a reduction in SEA

dynamically.

CAI research shows that an impact will reduce the residual compressive strength of a
composite, but the research does not investigate fully the failure mechanisms caused
by an impact or look at the threshold impact energy level to cause a reduction in
properties. All the CAI tests are conducted quasi-statically on plaque samples. It is
therefore proposed to investigate the effect of an impact on tubular specimens.
Impacted samples will be tested at both quasi-static and dynamic rates to determine

threshold energy levels, below which the impact damage has no effect.

It was seen as important in this project to improve the damage tolerance of the
composite crash structures tested. However, improved damage tolerance is often
coupled with reduced SEA capability, so a balance is likely to be required. Many
methods have been used to increase the damage tolerance of composites. These
include using toughened matrices, high strain fibres, stitching and interleaves. The
first two methods change the constituent materials and stitching was not seen to
improve the damage tolerance in all cases. For these reasons it was chosen to use
interleaves in this project to investigate a way of improving the damage tolerance of
the composite. It was also seen that geometric effects can improve damage tolerance,

with one such way being to increase the wall thickness of the composite.
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3 Experimental Methods

It is apparent from the literature that changing any of the material variables shown in
section 2.2.2 affects the SEA. This is why throughout the test programme only one
variable was changed at any time to enable direct comparison between results. It was
also emphasised how important the dynamic testing of composites is. Every sample
type is therefore tested at both quasi-static and dynamic rates. Although CAI work
gives an insight into the behaviour of a composite after impact, it can not be directly
related to tubes which are designed to crush rather than fail by compressive shear.
The CAI work also does not investigate the threshold damage level before it affects
the composite. This is why a range of impact damage levels will be investigated with
emphasis on finding the threshold level, below which the effect of the damage 1s
negligible. Having established a threshold damage level, investigations will be

carried out to improve the damage tolerance of the composite.

3.1 Experimental Objectives

The objective of this work is to provide an understanding of the effects of a range of
non-service type defects on the mode of failure and consequent energy absorption
characteristics of tubes manufactured from glass reinforced polymer composites. The
damage types investigated were a hole drilled in the test sample, a delamination
moulded into the sample, or an area of impact damage imparted using a dropped

weight.

Circular and square section tubes will be manufactured by RTM. Simulated damage
will be introduced and the samples will be tested at both quasi-static and dynamic test
rates. The characteristic failure modes will be observed, and the SEA capability of
the composite will be recorded. Having shown how the applied damage affects the
crush behaviour of samples a second phase of testing will be implemented to look into
ways of improving the damage tolerance of the parts. The methods investigated in
this work will be the introduction of a thermoplastic interleaf, which has been shown
in the literature to reduce the damage area and improve the CAl properties of the
composite [34-37]. Also wall thickness will be varied to investigate the effects on

SEA and damage tolerance. The complete test programme is illustrated in Table 1.
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Q-S denotes samples tested quasi-statically on an Instron test machine and D denotes

samples tested on a Rosand instrumented falling weight (IFW5) test machine.

Circular Tube | Circular Tube | Square Tube | Square Tube
(t=2mm) (t=4mm) (t=2mm) (t=4mm)

Q-S D Q-S D Q-S D Q-S D
No Damage v v v v v v v v
Holes — Size v v v v v v v v
Holes — Axial Position v v v v v v v v
Holes at Corner — Size v v v v
Hol;; at Corner — Axial ” 7 v v
Position
Multiple Holes v v v v v v v v
Delamination — Size v v v v
Delamination —

v v v v

Multiple Inserts
Impact Damage — v - v v ” v b .
Levels
Imp'a'ct Damage — Axial v v » < v v v v
Position
Impact Damage at v v, v s
Corner — Levels
Impact Damage at v v v 7
Corner — Axial Position
Interleaf — No Damage v v v ¥ v v & v
Interleaf — Impact v o v 7 s o v v
Damage Levels
Interleaf — Impact v 3 v v
Damage at Corner

Table 1: Tube Crush Test Programme

Cylindrical tubes were used to avoid the issue of discontinuity at corners of square

section tubes. Square tubes were then designed to have the same wall thickness and

cross sectional area, giving an outer width of 30mm. These may prove to be easier to
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incorporate into the vehicle design, but it is well documented (see 2.2.3) that there is

reduced performance observed related to the square geometry.

For the test programme the constituent materials, manufacturing process, volume
fraction, wall thickness and cross sectional area were all kept constant to enable direct
comparison between the geometries. Another set of moulds was manufactured to

create both circular and square tubes with 4mm wall thicknesses.

3.2 Materials

The reinforcement was a »continuous filament random mat (CoFRM) E-glass, with an
areal mass of 450 g/m* (Vetrotex Ltd U750-450), which contains 8% thermoplastic
binder. The resin system was unaccelerated orthophthalic polyester (Reichhold
Norpol 420-100: 41-45% styrene content) with 0.5% Akzo-Nobel NL-49P accelerator
and 1% Akzo-Nobel methyl ethyl ketone peroxide (MEKP) Butanox M50 catalyst.
These constitutive materials were chosen to facilitate the RTM process with the fibres
having relatively high permeability and the resin chosen for its low viscosity. This
combination also provides a relatively low cost part at approximately £1.50/kg for the
raw materials. This compares to steel at £0.50/kg and carbon/epoxy raw materials

which start at approximately £8/kg.

3.3 Specimen Manufacture

The cylindrical tubes were 80mm long and had an outer diameter of 38.1lmm and
2mm wall thickness. This was chosen to allow 30mm of crush when using a 45kg
drop weight and testing at Sm/s. The drop tower available at the time had a maximum
pay load of 45kg, which equates to potential drop energy of 561J when dropped from
1.27m (an impact speed of 5m/s (11.2mph)). Approximately 30mm of crush was
required to ensure that steady state crush had been achieved. Previous work by Curtis
and Duckett [70, 97] tested circular tubes of outer diameter 88.9mm and 4mm wall
thickness. These samples absorbed 2900J in 30mm of crush when tested quasi-
statically. A ratio of this energy level to the energy potential of the drop weight was
used to scale down the dimensions of the tube. A D/t ratio of approximately 16 was

chosen to maximise SEA (see 2.2.3). The wall thickness of 2mm was chosen to keep
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the volume fraction the same as for Curtis and Duckett by keeping the number of plies
an integer in the scaling process. It was also noted by Hamada et al. [100] that the
optimum wall thickness is 2-3mm. A preliminary study consisted of the manufacture
of a prototype part by wrapping pre-wet-out fibres onto a 30mm diameter steel
mandrel and using heat shrink tubing to consolidate the part. These samples did not
have uniform cross section with the wall thickness varying from 2.6 to 5.2mm and the
average fibre volume fraction was 12%. They crushed progressively both quasi-
statically and dynamically and the dynamic test samples crushed 25-30mm (see
Figure 23). With the size of the outer mandrel restricted to the size of steel hydraulic
tubing available it was decided to manufacture tubes with outer diameter 38.1mm (1
1/2”) and a 2mm wall thickness. Although scaling effects are seen to be dependent on
a number of factors (see 2.2.3) this method enabled the design of cylindrical structures

that could be tested at dynamic rates.
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Figure 23: Test Results for Dynamic Tests with Prototype Shrink Wrapped
Cylindrical Tube

The circular tube moulds were manufactured with the outer mandrel made from bright
seamless steel hydraulic tubing with an inner diameter of 38.1mm. To provide 2mm
and 4mm wall thickness specimens, two inner mandrels were manufactured with a

ground surface finish, and two sets of end caps were produced to seal the mould and

ensure a uniform cavity.
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Figure 24: Circular Tube Mould

All the moulds were designed to enable a 500mm composite tube to be manufactured.
This would enable five 80mm samples to be cut from the tube with some excess,

which could be used for fibre volume fraction tests. Specimen cross sections are

identified in Figure 25.
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Figure 25: Specimen Cross Sections (all dimensions in mm)
The square tube mould outer mandrel was fabricated in two halves providing a 30mm

square specimen (see Figure 26). Again two inner mandrels and sets of end caps were

manufactured to provide moulds for 2mm and 4mm wall thickness parts.
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Figure 26: Square Tube Mould

This fabrication process evolved from work by Corden and Macmillan [125, 126]. To
manufacture the tubular specimens, firstly the inner and outer mandrels were coated
with 5 layers of Chemlease PMR-90 release agent to facilitate extraction of the
finished part. A preforming rig was designed to allow the preform to be rolled
directly onto the inner mandrel with toggle clamps used to clamp the inner mandrel
down onto the spring loaded roller, while enabling quick and easy loading and
unloading of the part (see Figure 27). The reinforcement was cut to size to provide 3
layers on the 2mm wall thickness parts and 6 plies for the 4mm wall thickness tubes.
The fibre was then rolled onto a steel inner mandrel while consolidating using a hot

air gun to melt the binder and pressure to consolidate the part.
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Figure 27: Preforming Rig

The preform on the inner mandrel was then inserted into the steel outer mandrel. End
caps seal the mould and hold the mandrels in place providing a uniform cavity,
ensuring a constant wall thickness part. Resin was injected at room temperature into
the mould through one end cap. The mouldings were left to cure overnight at room
temperature inside the tool before being extracted and then post cured for 2 hours at
80°C. This process provides parts with a fibre volume fraction of 25% and a wall

thickness variation of less than 0.1mm.

The tubes were then cut to 80mm lengths using a diamond tipped cutting wheel, and a
45° chamfer was ground onto one end of each specimen as a stress concentration to

initiate crush.

3.4 Damage Characterisation

In this study damage is represented in three ways Figure 28. Holes are used to
simulate point strength reduction, Melinex® inserts are used to simulate delamination

between plies, and impact damage is used to represent damage situations.
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SO
- &

‘‘‘‘‘

Figure 28: (a) Hole, (b) Multiple holes, (c) Delamination, (d) Impact Damage

3.4.1 Holes

Initial testing identified a Smm hole to be the threshold hole size, where holes smaller
than Smm produced similar crushing behaviour to undamaged tubes. The holes were
produced with a spur drill of diameter Smm and 10mm centred at axial positions of
15mm, 30mm and 45mm (see Figure 29). The axial position of the holes was tested

after observing that the effect of the holes at dynamic rates was localised.

The effect of using blunt drill bits was emphasised in section 2.1. To minimise the
effect of this the old drill bits were regularly replaced, with five 10mm drill bits used
in total. With the square samples the same set of tests was carried out for holes on the
face as for holes at the corner. The same fixtures were used to hold the tubes for
drilling as were used to hold the tubes being impacted (see Figure 31). Further testing
was done to see the effect of two holes of diameter Smm drilled at the same axial
position of 30mm, with a circumferential spacing of centres of 10mm. This was done

to compare the effect of multiple holes with the effect of a larger single hole.
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Figure 29: Hole Position in Specimens

3.4.2 Delaminations

Melinex® is a thin (50um) clear PET film, which does not adhere to polyester resins.
The Melinex® inserts were placed on the reinforcement prior to preforming to create
an inclusion between the plies of the composite. The smallest insert used was a single
32mm diameter insert between the inner and centre ply. The next set of tests took two
32mm diameter inserts, positioned so as to be coincident between the first and second,
and the second and third plies. The final set of testing had a single 50.8mm diameter
insert placed between the inner and centre ply. Specimens were cut to length ensuring

the insert was positioned starting 15mm from the chamfered end of the tube (see

Figure 30).
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Figure 30: Delamination Position in Specimens

3.4.3 Impact Damage

The testing of impact damaged parts was used to simulate damage that could be
acquired during service or assembly. Typical causes of such damage are stones or
debris being thrown up off the road and hitting the part, or a tool being dropped
during manufacture or service. Low energy impacts such as these involve energies of
5-10J, so it was decided to introduce impact levels of up to 12J. As a simple example
an impact involving a 10g stone (approximate dimensions 35mm x 20 x 15) travelling
at 100mph (44.7ms™) would equate to impact energy of 10.0J. Similarly a 1kg tool
dropped from 1 metre would produce an impact with 9.8J of energy. This assumes
that there is a 100% energy transfer from the impactor. Once initial testing was done

it was decided to increase the energy levels to the point where it caused unstable

failure.

The tubes were damaged by dropping a fixed weight from a controlled height using
the Rosand instrumented falling weight drop tower. A tup with hemispherical end of
diameter 12.7mm was used as the impactor (see Figure 31). The fixtures holding the

specimens during impact were designed to constrain the sample and ensure that all the

energy from the impact was absorbed by the sample.
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Figure 31: Test Rigs for causing controlled impact damage to composite tubes

The area of the damaged zone was measured visually. Measurements were taken of
the delamination through the sample, and the area estimated. The areas recorded are

shown in Table 23.

3.4.4 Interlaminar Toughening via Interleaves

Section 2.1 reviewed ways of improving the damage tolerance of composite materials.
Interleaves between each ply should increase the interlaminar fracture toughness and
therefore impact performance. Testing was done to determine the effect of moulding

interleaves between the plies of the CoFRM composite tubes.

The interleaf used was a Xiro 36.004 4Og/m2 polyester-PU adhesive film supplied by
Cornelius Chemical Co. Ltd. It was applied in sheet form to the reinforcement at the
preforming stage — resulting in a tube with an interleaf between each ply. A control
test was carried out with no impact damage. The rest of the samples were impacted as

described in section 3.4.3 at incremental energy levels until unstable failure was

observed.

3.5 Test Methods

The main part of the work in this thesis is the crush testing of tubular composite

structures. For the majority of the dynamic testing, a high speed camera was used to
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observe the failure mode of the sample and verify the speed of the tests. The fibre
volume fraction was determined for all the sample geometries. The coefficient of
friction between the crush platen and the crush zone of the sample was established for
samples of each geometry and test speed. Micrographs were taken for every sample
type to examine the crush zone morphology. Environmental Scanning Electron
Microscopy (ESEM) was used to look at the differences in the matrix and fibre in the
fronds of the quasi-statically and dynamically crushed samples. Testing was
completed to find the ultimate compressive strength of the composite to determine

how close to the maximum potential crush load the samples were crushing at.

3.5.1 Quasi-Static Tube Crush

The tube specimens were crushed onto a steel platen with a surface ground finish
(0.4um R,). The same crush platen was used for all quasi-static tests. Both sides of
the platen were used and the surfaces were reground once during the testing
programme to maintain the crush surface. Quasi-static tube crush specimens were
tested on an electro-mechanical loading frame (Instron 1195 — see Figure 32) with a
100 kN load cell at Smm/min. For samples for which the crush load exceeded 100 kN
the Instron 8500 servo-hydraulic test machine was used with a 1000 kN load cell.

53



Chapter 3: Experimental Methods

Figure 32: Instron 1195 Electro-Mechanical Test Machine

Load-displacement data were recorded during all tests on the test machine. All
samples were crushed 50mm. Mean crush loads were calculated by finding the
average crush load after the first Smm of crush (the first Smm of crush was discounted
to eliminate the effects of the 45° chamfer). SEA values were then determined by
dividing the mean crush load by the mass per unit length of the uncrushed specimens.

A minimum of 3 specimens of each sample type was tested.

Digital photographs of each test type were taken at equal intervals (Smm) to record

the mode of failure for the samples.

3.5.2 Dynamic Tube Crush

Dynamic tests were done on a Rosand instrumented falling weight machine (IFW5 —
see Figure 33) at a nominal impact speed of Sm/s. Energy levels were chosen to

ensure that there was at least 30mm of crush.
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The Kodak HS4540 high-speed video-imaging camera was loaned from the
engineering instrument pool of the Engineering and Physical Sciences Research
Council (EPSRC) and was used to verify the speed of the drop tests and to observe the
failure modes of the test specimen crushing onto the crush platen. The camera was set
up to sample at 4500 frames per second, which enabled an accurate assessment of the
velocity of the impactor and provided an image of sufficient magnification and

resolution to observe the failure mode of the sample.

A test rig was designed (see Figure 34) with a Kistler 9051A 120kN load cell
pretensioned between the ground crush platen and the base. A pretensioning bolt
applied a SkN load to ensure no vibration in the system. The sample would then be
attached to the drop weight using cyanoacrylate before being raised to the drop height

and released.

Figure 33: Rosand Instrumented Falling Weight Machine (IFW5)
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Figure 34: Test Rig for Dynamic Crush Tests in Drop Tower

An Instrunet data recording system recorded the load data at a rate of 40kHz. These
data are then used to plot the load against displacement and then calculate the SEA as

for the quasi-static tests.

3.5.3 Determination of Ultimate Compressive Stress

The ultimate compressive stress was obtained for each sample type. In these tests no
chamfer was machined at either end of the sample to act as a crush initiator. The test
was stopped as soon as the sample failed and the maximum load was used to calculate
the ultimate compressive stress. Tests were carried out both quasi-statically and
dynamically. The unstable failure mode associated with the presence of damage is
similar to compressive failure, and so looking at how the steady state crush level
compares with the ultimate compressive load may give an insight into why some

samples are more damage tolerant than others.

3.5.4 Friction Testing
Fairfull and Hull [59] suggest that as much as half the energy absorbed in the crushing

process is due to frictional effects. It was necessary to investigate the friction effects
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of samples to establish why some specimens crushed at a higher crush load than

others.

A rig was designed and manufactured to attach to an Avery 6609CGG reverse torsion
testing machine to enable a torque reading to be obtained while a constant load was
being applied to the specimen, pushing it against a ground platen (see Figure 35). The
rig consisted of a block securely fastened to the bed of the test machine. This block
included a hydraulic jack to apply the load to the sliding bed of the test machine and a
load cell to measure the applied load. Two fixtures were designed to fit the specimen
holders on the torsion testing machine. One held a partially crushed tube at the

uncrushed end and the other was the crush platen.

Torsion Gauge

Hydraulic Jack Load Cell =

Data Acquisition
Unit

T?::i L
laten # . X Four Speed

Torsion Testing
Machine

Crushed Tube

Specimen Holder

Figure 35: Friction Testing Rig
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45mm long specimens of each undamaged sample type were manufactured with the
same 45° chamfered initiator as the crush test samples. These were then crushed
17mm quasi-statically or dynamically before being set up as shown in Figure 35. The
'specimen was set rotating at 10° per minute, which gave a speed of rotation at the
crush zone of approximately 3mm/min (the closest setting to the Smm/min crush
speed for quasi-static testing). The load was then applied to the sample in 0.5kN

increments up to SkN and then 1kN intervals up to 10kN, a level of loading that |
would not induce further crushing of any of the samples. At each incfement the
torque reading was taken off the gauge. From these readings the coefficient of

friction could be easily calculated:

(6)

Where p is the coefficient of friction, T is the measured torque, P is the applied load
and R is the effective radius for the sample, taken as the centre wall radius for the
circular samples and the average radial dimension of the centre of the wall for the

square tubes.

3.5.5 Determination of Fibre Volume Fraction

The fibre volume fraction for each type of tube was determined by resin burn off tests,
similar to ASTM D2584-94. These were carried out on samples taken from each of
the types of tube tested. The samples, typically weighing 3 — 5g were weighed to an
accuracy of + 0.01g. The samples were then placed in an electric furnace at 625°C for
45 minutes to remove all the resin. The samples were weighed again and their fibre
mass fractions calculated. These values were then converted to volume fractions
using the density values taken from the manufacturers’ data (see Figure 36). At least

3 samples were tested for each sample type. The samples were taken from different

tubes to account for any variation between tubes.
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Vetrotex U750-450 | Norpol 420-100
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Figure 36: Fibre and Resin Density Data from Manufacturers’ Data Sheets

3.5.6 Microscopy

For each of the specimen types tested a micrograph of the crush zone was constructed
so as to observe the mechanisms involved in absorbing energy. The sample was
crushed and then set in casting resin in situ. This provided the most accurate
representation of the crush zone as it would be during testing. A section was then cut
across the crush zone, which in turn was cut down and re-potted in 40mm diameter
pots. This new sample would then be machined down to a thickness 13mm thick
before polishing on the Struers Dap-7 polishing machine. Silicon carbide paper
grades from 240-2500 grit were used to polish each specimen. Alumina was used to
obtain the final surface finish. After cleaning, each sample type was observed under a
Zeiss optical microscope with Aphelion imaging software. Photographs were taken
for the whole of the specimen. A collage of these was put together to enable analysis

of the crush zone morphology.

3.5.7 Environmental Scanning Electron Microscope (ESEM)

ESEM work was carried out to look at the extent of fibre breakage and matrix
fragmentation in the fronds of the quasi-statically and the dynamically tested
specimens. A small area of the crush zone and frond were bonded to specimen
holders using carbon pads. The samples were then loaded into the environmental

chamber where they were viewed and the images captured.
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4 Results

This chapter will look at the tube crush test results and develop an understanding of
the failure modes associated with different levels of simulated damage. A threshold
level will be obtained, below which the specimen will crush as if undamaged. Above
this level a change in failure mode will cause a reduction in SEA. This will be
followed by the results of testing of the ultimate compressive stress, friction testing,
optical microscopy, environmental scanning electron microscopy (ESEM) and fibre

volume fraction. The trends observed will be discussed in detail in the chapter 5.

With over 650 samples tested in this work it was necessary to use notation for the

tubes as shown 1n Table 2.

Tube Geometry Damage Damage Type Damage | , .., | TestSpeed
i Interleaf : . Position Positi Smm
Circular | Square Quantity | Hole | Delamination | Damage (Corner) osition o Sm/s
10m
C Q IL 2x 32mx c 30 S D
3J

Table 2: Specimen Classification Notation

The first letter is used to denote the geometry of the tube, C for circular and Q for
square tubes. If there is a 4 after this letter it means that the tube has a 4mm wall
thickness, otherwise it has a 2mm wall thickness. An IL means that there is an
interleaf in the sample. The damage quantity applies if there are two Melinex®
inserts or two holes drilled. A hole size is illustrated by an “m” preceded by the hole
size in mm. “Om’” means no hole. A delamination is denoted by an “mx” preceded by
the insert size in mm. The impact damage level is expressed in terms of the energ

applied in Joules. If the tube is square a “c” will mean that the damage type is applied
to the corner of the tube otherwise it will have been applied to the face. The axial
position of the damage is denoted next in mm. An “S” implies a quasi-static test rate
of Smm/min, and a “D” implies a dynamic test rate of Sm/s. Any number at the end

of a sample name indicates the test number of a particular specimen.
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For example:

C 5Sm30S is a circular tube with a 2mm wall thickness with a Smm hole 30mm from

the chamfered end of the tube tested quasi-statically.
Q_2x32mxD 1s a square tube with a 2mm wall thickness with two 32mm Melinex®
inserts moulded into the sample tested dynamically.

Q4_IL6J45c¢ is a square tube with a 4mm wall thickness with interleaf. damaged with

a 6J impact at the corner 45mm from the chamfer.

4.1 Tube Crush Test Results

The following sections looks at the quasi-static and dynamic tube crush results. They
have been divided into five sections. The first looks at the difference between the two
loading rates for undamaged samples. The next three sections look at each of the
damage types. Once this work was completed work was started to investigate ways of
improving the damage tolerance of the tubes, and the fifth section looks at one of

these methods, the effect of using thermoplastic interleaf moulded into the tubes.

4.1.1 Rate Effects

As the test speed was increased from a quasi-static rate of Smm/min to a dynamic rate
of Sm/s, every geometry of tube tested showed a decrease in SEA (see Table 3 — the

figures in brackets are % standard deviation).

Circular Circular Square Square
(=2mm) (t=4mm) (t=2mm) (t=4mm)
Quasi-Static )

4, 87.0 (s 58.8 (1023 69.2 37
SEA (kJ/kg) 74.5 62) e e gl
Dynamic .
70.2 (2 76.0 (2. 48.5 (1. 64.1 45
SEA (kJ/kg) 0.2 2s) 2.1) (1.9) (4.5)

% decrease 5.8 12.6 17.5 7.4

Table 3: Rate Effects — No Damage
The results show the same trend as stated by Thornton [71, 85], Mamalis et al. [86,

87], Farley [65], Chadwick [88], Chiu [89] and Price [90] in section 2.2.3 with the

circular tubes exhibiting higher SEA values than the square tubes of the same cross-
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sectional area and wall thickness. The quasi-statically tested samples saw a decrease
of 21% between the circular and square samples, while dynamically tested samples
saw a decrease of 16% for the thicker section tube and 31% for the thinner section
tube. These levels of SEA reduction were also observed by Mamalis er al. [87],

Schmueser and Wickliffe [72], and Ramakrishna [84].

4.1.1.1 Circular Tubes

Both quasi-statically and dynamically tested samples crush progressively with a
steady increase in load as the tube starts to crush at the chamfered trigger, before

reaching a steady state crushing load (see Figure 37).
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Figure 37: Load vs Displacement for all Circular Tubes

A debris wedge and central wall crack are formed leading to the development of
internal and external fronds, signifying a splaying failure mode as described by
Fairfull and Hull [59] in section 2.2.1. It is obvious by visual inspection that there is a
distinct difference in the appearance of the fronds of the samples tested at the two
rates (see Figure 38 and Figure 39). This is observed at the microscopic level using

ESEM in section 4.5. The fronds of the quasi-statically tested samples exhibit greater
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curvature of the fronds and splitting to form a number of individual petals. The
fronds of the dynamically tested samples exhibit no splitting into petals and are less

rigid with more individual fibres protruding from the matrix.

Circular Tubes (t=2mm)

Increasing the wall thickness for the circular tubes from 2mm to 4mm increased the
SEA by 16.8% quasi-statically and by 8.3% dynamically. It was found in section
2.2.3 that the SEA increased with /D up to a threshold level, so it is not unexpected to

see an increase in SEA with wall thickness.

4.1.1.2  Square Tubes
The square tubes also observed a stable progressive failure mode. The fronds of all
the samples split at the corners of the tube into 4 petals, but there is still an obvious

difference between the quasi-statically tested samples and the dynamically tested

samples (see Figure 40).
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Figure 40: Quasi-Statically and Dynamically Crushed Square Tubes (t=4mm)

The load displacement trace for the square samples exhibits a greater degree of
serration than that of the circular samples (see Figure 41). This is due to the start —

stop tearing Mode II fracture at the corners.

70
— Square (t=4mm) - Quasi-Static
60 — Square (t=4mm) - Dynamic
— Square (t=2mm) - Quasi-Static
— Square (t=2mm) - Dynamic
50 A
§ 40 -
=
g
Sl W i
20 -
10 1
0 T | T T
0 10 20 30 40 50

Displacement (mm)

Figure 41: Load vs Displacement for all Square Tubes with No Damage

Increasing the wall thickness for the square tubes from 2mm to 4mm increased the

SEA by 17.7% quasi-statically and by 32.2% dynamically.
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4.1.2 Damage - Holes

Table 4 shows a summary of the tests completed with inclusion of a hole and results
for all the geometries tested. The load vs displacement graphs for all of the results
can be found in Appendix 1. There is limited work in the literature on the quasi-static
crushing of tubes with holes, and none on the dynamic crushing of anything other than

an undamaged tube. This makes comparison with other sources difficult.

, Hole Axial - Circular Tube | Circular Tube | Square Tube | Square Tube
men ; i
Sp e;ll) Size | Position :)(?(f:ggrl; (t=2mm) (t=4mm) (t=2mm) (t=4mm)
fmm) | (nm) QS| D |os| p Jos[ D Jos] »
om - s ¥ 74.5 70.2 87.0 76.0 | 588 | 485 ] 69.2 | 64.1
(3.7) (2.8) (5.5) (2.1) (10.3) (1.9) (3.7) (4.5)
5ml5 5 15 - 66.7 69.7 74.5 il 7.3 524 1 70.2 59.6
(12.7) (6.7) (12.3) (0.8) (10.1) (5.3) (3.2) (4.6)
10mlS 10 s 1 487 | 486 | 628 | 687 | 581 | 487 | 67.1 | 56.0
(16.8) (19.2) (15.3) (3.2) (6.0) (2.9) (2.9) (1.4)
12.5m1s | 125 15 &t < . = It e ) 1
(12.9) (6.6)
16ml5 16 15 = b _ _ il %
(9.3) (950
10m30 10 30 a 21.7 56.7 39.5 604 | 43.8 | 49.0 | 533 | 585
(24.7) (10.0) (25.4) (8.5) (29.5) (2.5) (16.0) (1.3)
10m45 10 45 N 26.1 62.5 30.4 75.0 489 [ 51.5 | 495 61.3
(14.0) (1.8) (11.1) (2.7) (25.2) (2.3) (25.9) (6.1)
T - 15 " a 8 E ~ | 571 [ 503 [ 687 | 648
(3.4) (6.3) (1.4) (2.9)
3 & : 1
10mc15 10 I e - - - - S s e
(2.9) (5.2) (9.5) (4.2)
71.0 63.2
Sme30 5 30 c - - B - - -
(8.3) (5.0)
31.0 | 35.2 | 333 | 46.1
10mc30 10 30 © - = = —
(2.0) (12.3) (6.9) (18.9)
25.8 | 46.6 | 304 | 45.7
10mc45 10 45 c = — = =
(16.1) (6.1) (7.1) (41.2)
: 2, 62.2 727 | 573 | 482 | 72.7 | 66.4
Sm30 5 30 — e ] _
(39.7) (2.7) (21.1) (6.2) (2.8) (5.4) (2.0) (5.4)
: 8.2 61.0 | 42.6 715 | 51.8 | 46.5 | 67.0 [ 65.7
2x5m30 | (2x) 5 30 = ; ) : : .
(46.5) (2.3) (28.6) (4.5) (7.9) (5.4) 4.7) (6.1)

Table 4: SEA Results (kJ/kg) for all Tests with Holes
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Specimens were seen to fail in three characteristic modes:

Failure mode A is the typical splaying mode of progressive crushing displayed by
composite tubes (see [60]). The load versus displacement behaviour is as seen in
Figure 42 where the load gradually rises to a steady-state and remains at that level

until compaction of the debris inside the tube causes it to rise again.

Failure mode B is a global failure. Before steady-state crushing is reached, a through-
thickness crack, originating at the damage zone, propagates circumferentially causing
the tube to split and collapse. The load carrying capacity is reduced to a very low
level and only increases again once the fracture surface becomes in contact with the

crush platen (see Figure 43).

Failure mode C exhibits an initial progressive crushing mode (as in Failure Mode A)
followed by a drop-off in load being observed in the immediate vicinity of the
damaged region. The drop-off in load is larger than could be accounted for by
reduction in area, but is smaller than in mode B. In most cases a similar unstable
crack forms to mode B, but the crack may progress into the crush zone, or it may be
engulfed by the crush zone before it is able to affect the tube significantly and
therefore causes only a slight drop in load. The load recovers to the steady-state level
after the crush zone passes through the damage area (see Figure 44). The initiation of
the crack in this case is usually due to the crush front interacting with the damage
zone causing further weakening. With the square samples the crack’s progression 1s
temporarily arrested at the corners of the tube, so if the crack initiates with the crush
front in the vicinity of the damage zone the unstable failure may be obvious visually,

but may cause little or no reduction in load as the remainder of the tube will be

unaffected.
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Figure 42: Failure Mode A - Progressive Crush of Cylindrical Sample (t=2mm)
Tested Quasi-Statically (C_0mS3)
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Figure 43: Failure Mode B — Global Failure at Stress Concentration of
Cylindrical Sample with 10mm Hole 15mm from Chamfer Tested Quasi-
Statically (C_10m15S1)
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Figure 44: Failure Mode C - Local Failure at Stress Concentration of
Cylindrical Tube (t=2mm) with 10mm Hole 30mm from Chamfer Tested
Dynamically (C_10m30D1)
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Figure 45: Modes of Failure at Stress Concentration

Figure 45 shows the way the samples fail as the stress concentration size reaches the
threshold level. The sample on the left shows no effect due to the hole. The middle
sample shows a crack forming at the hole propagating at 45° down to the crush zone
where it would be quickly engulfed with very little drop in load. The third sample
shows a circumferential crack forming. This crack has been arrested at the corners of
the tube so only a small amount of the tube will break off and not absorb energy.
Above the threshold size, failure similar to the third sample occurs away from the
crush zone and continues to propagate around the circumference of the tube bisecting
it (see Figure 46). This causes a large drop in load and large sections of the tube are

removed uncrushed.

Figure 46: Circumferential Crack Propagated around 3 Sides of Sample
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4.1.2.1 Hole Size

For these tests all the holes were positioned with their centres 15mm from the
chamfered end of the tubes. It is expected that a critical hole size will be found that

will cause a stress concentration, leading to unstable failure.

Circular (t=2mm)

From observing the tests it was established that a hole had either little effect or caused
a large drop in SEA, due to an unstable crush mode where a crack initiated at the hole

and then propagated around the circumference of the tube.

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 74.5 39 70.2 (25

5mm Hole 15mm from chamfer 66.7 (12.7) 69.7 67

10mm Hole 15mm from chamfer 48.7 (168) 48.6 (192

Table 5: Results for Hole Size in Circular Tubes (t=2mm)

Under quasi-static loading, samples with a Smm hole showed a mixture of failure
modes. Two of the three samples failed progressively by mode A, and one third of
samples by mode C, with only a slight drop in SEA. Samples with a 10mm hole all
failed globally (mode B). Under dynamic loading, all samples with the Smm hole
failed progressively, not affecting the load-displacement response. The 10mm hole
caused a load drop off in the vicinity of the hole for two of the samples. High speed

camera images confirm an unstable failure mode (Figure 47).

Figure 47: High Speed Camera Images Confirming Unstable Failure of Circular
Sample with 10mm Hole.
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Circular (=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Dami_gi 87.0 (5.5 76.0 21y

5mm Hole 15mm from chamfer 74.5 (123 71.9 g

10mm Hole 15mm from chamfer 62.8 (15.3) 68.7 53

Table 6: Results for Hole Size in Circular Tubes (t=4mm)

Circular tubes with a 4mm wall thickness exhibited similar characteristics to the 2mm
wall thickness tubes with three failure modes seen. The cracks that formed at the
damage zone had varying effects on the crush depending on the size and direction that

they formed.

In the quasi-statically tested tubes the 10mm holes caused unstable failure for all of
the specimens. The Smm holes caused two of the samples to fail with the crack
propagating to the crush zone and one sample failing in a similar way to the 10mm
hole samples (mode B) and the crack spiralled circumferentially round the tube and

caused a much larger reduction in SEA.

As the rate of the test increases the effect of the holes on the SEA decreased. For
most of the dynamically tested specimens the load drop due to the effect of the hole
was restricted to the vicinity of the hole with the load returning to the pre-hole level
by the end of the test. Dynamically there is a negligible difference between the SEAs
for the tubes with no hole and those with a 5Smm hole. The 10mm holes caused a

similar mode of failure as for the quasi-static tests with cracks forming around the

tubes and a larger drop in SEA values.
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Square (t=2mm) on Face

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Dama&e 58.8 (10.3) 48.5 (1.9)

5mm Hole 15mm from chamfer 57.3 a0 52.4 (53

10mm Hole 15mm from chamfer 58.1 .0 48.7 2.9

Table 7: Results for Hole Size in Square Tubes (t=2mm) on the Face

During the quasi-static crush of the square tubes with a Smm hole two of the samples

tested showed no sign of damage crushing progressively through where the hole had

been manufactured. On one of the specimens a crack propagated from the hole, but

its progression was arrested at the two adjacent corners and only a small piece of the

sample broke off without being crushed. This caused a slight reduction in load around

the position of the hole, which was quickly recovered, which can account for the very

similar SEA values between the specimens with the Smm hole and those with no

damage.

Figure 48: Progressive crush of square tube with 10mm hole (photos at 0, s 5,
7.5, 10, 15, 20, 30, 40 and 50mm of crush)
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The tubes containing a 10mm hole all crushed in a similar way, again with an unstable
mode of failure. Figure 48 above shows an example of this and the crack can be
clearly seen in the second image. The progression of the crack is again arrested at the
corners, enabling the tube to return to a progressive crush mode after engulfing the
hole. The drop in load is noticeable, but the rapid return to stable crush enables the

SEA values to be comparable to undamaged specimens.

When tested dynamically the hole appeared to have no effect, being clearly visible in

one of the fronds of the post-crushed samples (see Figure 49).

Figure 49: Hole in Frond of Square Tube Post Crush

Square (t=4mm) on Face

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Dam% 69.2 37 64.1 (45

5Smm Hole 15mm from chamfer 70.2 ;.2 59.6 )

10mm Hole 15mm from chamfer 67.1 29 56.0 (1.4

Table 8: Results for Hole Size in Square Tubes (t=4mm) on the Face

Observations of the quasi-static crush of the square tubes were the same for tubes with

a 4mm wall thickness and a 2mm wall thickness.
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When tested dynamically the hole appeared to have only a small effect. It can be seen
in Figure 45 the way an unstable crack forming may only cause a small drop in load in

the vicinity of the damage. Again the geometry of the holes remained unchanged

post-crush and could be clearly observed in the fronds of the crushed samples.

Square (t=2mm) at Corner

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 58.8 (103 48.5 (1.9)

Smm Hole 15mm from chamfer at

Corner 37.1 (3.4) 50.3 6.3)

10mm Hole 15mm from chamfer at

s 52.6 ) 43.6 52

Table 9: Results for Hole Size in Square Tubes (t=2mm) at the Corner

The quasi-static crush of the square tubes with a Smm hole at the corner is the same as

for samples where the hole is on the face of the tube.

Figure 50: Crush of square tube with 10mm hole at corner (photos at 0, 25,5,
7.5, 10, 20, 30 and 40mm of crush)
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The tubes containing a 10mm hole at the corner a]] crushed in a similar way, again
with an unstable mode of failure. Figure 50 above shows an example of this and the
crack can be clearly seen. The progression of the crack is again arrested at the corners
leaving the back two faces intact. The tube returns to a progressive crush mode after
engulfing the hole. The drop in load is greater than when the hole was on one of the
faces as two faces are removed uncrushed rather than one. This leads to a lower SEA

value compared to undamaged specimens.

When tested dynamically the hole causes a section of the tube to be removed
uncrushed by the formation of cracks similar to the quasi-static samples (see Figure
51). Again it is only from two of the faces. The 10% drop in SEA is similar to the

quasi-static results.

Figure 51: Unstable Failure of Dynamically Crushed Square Tube with 10mm
Hole in Corner

Square (t=4mm) at Corner

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 69.2 (37) 64.1 @)

Smm Hole 15mm from chamfer at 68.7 s 64.8 10,

corner

10mm Hole 15mm from chamfer at 59.0 s 59.1 42

corner

Table 10: Results for Hole Size in Square Tubes (t=4mm) at the Corner
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During the quasi-static crush of the square tubes with a Smm hole at the corner a
crack propagated from the hole and along the two adjacent sides. but its progression
was arrested at the next corners and only a small piece of the sample broke off
without being crushed. This caused a slight reduction in load around the position of
the hole, which was quickly recovered, which can account for the very similar SEA

values between the specimens with the Smm hole and those with no damage.

The 10mm hole caused the same unstable failure as with the 2mm wall thickness
samples with the progression of the crack again arrested at the corners leaving the
back two faces intact. When tested dynamically the hole again causes a piece of the
tube to be removed uncrushed by the formation of cracks similar to the quasi-static
samples. Again it is only from two of the faces. The drop in SEA is similar to the

quasi-static results.

4.1.2.2 Hole Position — Axially

The dynamically tested samples with holes seemed to exhibit localised reductions in
load. The effect of moving the axial position of the hole was used to see whether the
effect of the hole was truly localised, or just because the hole was positioned close to
the end where crush was initiated. This testing would therefore determine the

difference between mode B and mode C failure.

Circular (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

10mm Hole 15mm from chamfer 48.7 (16.8) 48.6 (19.5)

10mm Hole 30mm from chamfer 21.7 2a3) 56.7 (10.0)

10mm Hole 45mm from chamfer 26.1 (14.0) 62.5 (13

Table 11: Results for Hole Axial Position in Circular Tubes (t=2mm)

Under quasi-static testing, the axial position of the hole did not affect the mode of
failure (mode B). Failure was seen at the hole, remote from the crush zone. After the
initial drop the tubes only started to take load again once the crush zone had

progressed beyond the position of the hole and a portion of the tube was once again in
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contact with both crush platens. This meant that the samples with the axial position of
the hole further along the tube exhibited longer periods crushing at lower loads before
recovering to the same levels observed in undamaged tubes. The increase in load
above the steady state crush load at the end of the tests for samples with a 10mm hole
positioned 45mm from the chamfer (10m458) is due to the two halves of the tube,
formed by the circumferential crack, being crushed as though they were two

individual tubes and accounts for the greater SEA than samples with a 10mm hole

positioned 30mm from the chamfer (10m30S).

The dynamically tested samples again show a drop in load at the position of the hole
and then recover to undamaged levels (failure mode C). Undamaged dynamic
specimens only crush approximately 30mm due to the load and height of the dropped
weight. Due to the damage the specimens crush further to absorb the same amount of
energy, as shown in Appendix 1. As the effect of the hole is localised, the specimens
with the 10mm diameter hole 45mm from the chamfered end acted as though they
were undamaged. They did not exhibit any drop in load and peeling away the fronds

- from crushed specimens revealed that the geometry of the hole was unchanged.

Circular (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

10mm Hole 15mm from chamfer 62.8 (153 68.7 3.2

10mm Hole 30mm from chamfer 39.5 (25.4) 60.4 s

10mm Hole 45mm from chamfer 30.4 1.1y 75.0 2.7)

Table 12: Results for Hole Axial Position in Circular Tubes (t=4mm)

The effects of the axial position of the hole are the same as for a tube with a 2Zmm wall

thickness.

Under quasi-static testing, the axial position of the hole did not affect the mode of

failure (mode B). Failure was seen at the hole, remote from the crush zone.
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Dynamically, these cases show a drop in load only at the position of the hole and then
recover to undamaged levels (i.e. mode C). With the hole at an axial position of

45mm the crush zone did not progress to the position of the hole during the test and

the specimens behaved as though undamaged.

Square (t=2mm) on Face

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

10mm Hole 15mm from chamfer 58.1 (6.0) 48.7 29

10mm Hole 30mm from chamfer 43.8 (295 49.0 25

10mm Hole 45mm from chamfer 48.9 (152 51.5 2.3

Table 13: Results for Hole Axial Position in Square Tubes (t=2mm) on the Face

Quasi-statically, all the specimens with the 10mm hole fail by a circumferential crack
propagating from the hole. With the hole positioned further from the chamfered end,
although the corners did arrest the progression of the crack they could not stop it from
eventually continuing around the faces of the tube, causing unstable failure by cutting
the sample in two. The tube returns to a progressive crush mode after engulfing the
hole when once again two surfaces of the tube are in contact with the crush platen.

The drop in load causes the SEA values to be lower than undamaged specimens.

However, dynamically none of the specimens fail in an unstable manner. Where the
hole has been engulfed it is clearly visible in one of the fronds, while in the specimens
where the crush zone has not reached the hole peeling back the frond reveals the hole

in its original state. This explains the similar SEA values for all the samples.
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Square (t=4mm) on Face

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

10mm Hole 15mm from chamfer 67.1 2.9 56.0 (1.4

10mm Hole 30mm from chamfer 53.3 (160 58.5 (13

10mm Hole 45mm from chamfer 49.5 (259 61.3 .1

Table 14: Results for Hole Axial Position in Square Tubes (t=4mm) on the Face

Again the quasi-static results are the same as the samples manufactured from the 2mm
wall thickness tubes. However, dynamically the unstable failure mode causes only a
small drop in SEA, with any crack initiating at the hole only in the vicinity of the

crush zone (mode C).

Square (t=2mm) at Corner

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))
é(;r;lnr:rHole 15mm from chamfer at 52.6 20 4860
é(z)rilnr:rHole 30mm from chamfer at 31.0 oo IR
é()ol;llr;erole 45mm from chamfer at 258 ety 46.6 (.1

Table 15: Results for Hole Axial Position in Square Tubes (t=2mm) at the
Corner

Quasi-statically, all the specimens failed by a circumferential crack propagating from

the hole in the same manner as samples with the hole on the face of the tube.
When tested dynamically the hole causes a piece of the tube to be removed,

uncrushed, by the formation of cracks similar to the quasi-static samples. Use of a

high-speed camera confirms the unstable failure mode (see Figure 52).
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Figure 52: Unstable Failure of Square Tube (t=2mm) with 10mm Hole at the
Corner of the Tube 30mm from the Chamfer tested Dynamically (Q_10mc30D2)
Captured Using a High Speed Camera
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Square (t=4mm) at Corner

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

10mm Hole 15mm from chamfer at

Corner 39.0 5 59.1 42

10mm Hole 30mm from chamfer at

Corner 33.3 69 46.1 (139

10mm Hole 45mm from chamfer at

Corner 30.4 1) 45.7 @12

Table 16: Results for Hole Axial Position in Square Tubes (t=4mm) at the
Corner

As with the thinner walled samples all the quasi-statically tested specimens failed by a

circumferential crack propagating from the hole.

When tested dynamically the hole causes a section of the tube to be removed
uncrushed by the formation of cracks similar to the quasi-static samples. Use of a
high-speed camera shows failure at the hole by crack formation either at 45° (as seen

in Figure 51 and Figure 52) or parallel to the advancing crush zone (see Figure 53).

Figure 53: Unstable Crack Propagating Parallel to the Advancing Crush Zone in
Dynamically Tested Square Sample with 10mm Hole in Corner of Tube

4.1.2.3  Multiple Holes
The testing of multiple holes was decided to compare the effect of larger holes with

that of a number of smaller holes. Testing was done using Smm holes after
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preliminary tests with 3mm holes were shown to have no effect. The holes were

positioned with centres 10mm apart, and 30mm axially from the chamfered edge.

Circular (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kd/kg)
(Std. Dev. (%)) (Std. Dev. (%))

Smm Hole 30mm from chamfer 58.4 307 62.8 2.7

2x Smm Holes 30mm from chamfer 68.2 46.5) 61.0 (21

Table 17: Results for Multiple Holes in Circular Tubes (t=2mm)

Quasi-statically, all samples with two Smm holes failed in an unstable manner. two by
mode B, and one by mode C, although with the third sample the load did not recover
within the 50mm crush length. Dynamically tested specimens crushed and failed by
mode C and exhibited a drop in load of up to 25% at the position of the holes, whereas

the reduction in cross sectional area is 8.5% suggesting unstable failure.

Circular (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

Smm Hole 30mm from chamfer 62.2 1.1y 72.7 (6.2

2x 5Smm Holes 30mm from chamfer 42.6 (23.6) 71.5 4.5

Table 18: Results for Multiple Holes in Circular Tubes (t=4mm)

The results are the same as for the 2mm wall thickness samples. Quasi-statically all
the tubes with two holes crushed in an unstable manner, although the initial crack
occurred at different displacements during the tests. Similarly to the samples with a

single Smm hole at 15mm specimens exhibited mode B failure.

Dynamically tested specimens exhibited a slight drop in load at the position of the
holes, but the effect is not as marked as with the single 10mm hole samples. The

observed drop in load is equivalent to the proportional loss in cross sectional area

caused by the introduction of the holes (8.5%).
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Square (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

5mm Hole 30mm from chamfer 57.3 g 48.2 (5.4

2x 5Smm Holes 30mm from chamfer 51.8 (7.9 46.5 (5.4

Table 19: Results for Multiple Holes in Square Tubes (t=2mm)

Quasi-statically all the tubes with a single Smm hole cracked at the hole just prior to
being engulfed by the crush zone. This caused a slight drop in load. With this being a
Jocalised drop and the SEA being calculated over the full crush length the effect on
SEA was negligible. With two holes the specimens crushed in a similar unstable
manner. The initial crack occurred approximately Smm before the crush zone reached
the holes, before propagating around the tube removing up to 3 sides of the sample.
The resulting drop in load accounts for the reduction in SEA recorded for these

specimens.

The dynamic results show a similar trend with only a slight drop in load with the

introduction of a second hole.

Square (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
;, _ (Std. Dev. (%)) (Std. Dev. (%))

Smm Hole 30mm from chamfer 72.7 00 66.4 (5.4)

2x 5mm Holes 30mm from chamfer 67.0 (4.7 65.7 6.1

Table 20: Results for Multiple Holes in Square Tubes (t=4mm)

A similar trend is observed to the 2mm wall thickness samples with only a localised

drop in load both quasi-statically and dynamically, which is more pronounced for the

samples with a second hole.
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4.1.3 Damage — Delaminations

The testing with Melinex® inserts was chosen to represent delamination between the
plies. The work involved the moulding of an insert into the preform prior to
moulding. The tests included a single 32mm insert, two 32mm inserts positioned
between the first and second, and the second and third plies, and a larger 50.8mm
single insert. It i1s expected that a delamination will reduce the wall thickness at the

insert position making it more prone to buckling.

Speéim ol it sice Axial Position Circular Tube Square Tube
D (mm) to start of (t=2mm) (t=2mm)
insert (mm) Q-S D Q-S D
Om —= — 74.5(3.7) 702 (2.8) 588 (10.3) 485 (1.9)
32mx 32 15 72.5 (2.8) 66.5 (3.4) 57.6 (1.6) 49.3 (5.2)
2x32mx 32 15 60.5 (4.1) 61.1 (6.4) 272 (16.8) 44 .8 (3.9)
SOmX 508 15 646 (9.3) 627 4.7) 336 (16.2) 448 4.5)

Table 21: SEA Results (kJ/kg) for all Tests with Melinex® Inserts

Circular (t=2mm)

All quasi-statically tested samples crushed with a progressive crush mode, except for
one of the specimens with a 50.8mm diameter insert. This specimen exhibited a
delamination of part of the first ply, which led to the slight drop in load. In general
the specimens with the two 32mm Melinex® inserts crushed with the lowest steady
state load. The overall SEA values are only marginally lower than the specimens with
no damage, suggesting that the inclusion of deliberate delaminations, even those with

large areas have little or no effect on the energy absorbing behaviour of the

composite.

The dynamically tested samples showed a similar slight drop in load around the
position of the inserts, but again the SEA results are almost identical to those of the

undamaged specimens.
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Square (t=2mm)

During quasi-static testing the effect of the Melinex® insert was easily visible. The
delamination was seen to separate the plies and leave the individual layers more
susceptible to local buckling. With the single 32mm insert the samples experienced a
surface ripple at the position of the insert. Although this did not lead to unstable
failure it did cause a localised reduction in steady state load. Adding a second 32mm
Melinex® insert or having a single 50.8mm insert causes buckling at the insert. As
each single ply area buckles a crack formed, which propagated around the
circumference of the tube in an unstable failure mode (see Figure 54). This causes a

drop in load and a corresponding reduction in SEA.

>
! 1R

* i

Figure 54: Unstable Failure of Quasi-Statically Tested Sample with Two 32mm

Melinex® Inserts
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None of the dynamically tested samples showed the same unstable failure mode as the
statically tested samples. It was possible to see with the high-speed camera that the
samples experienced a surface ripple at the position of the insert (Figure 55).
Although this localised buckling did not lead to unstable failure in the form of crack
growth it did cause a slight reduction in steady state load and suggest that this amount
of delamination is getting close to the threshold level where unstable failure would be

seen.

Figure 55: Rippling of Tube Surface during Stable Failure of Dynamically
Tested Sample with Two 32mm Melinex® Inserts

4.1.4 Damage - Impact Damage

The testing of impact damaged parts was used to simulate damage that could be
acquired during service or manufacture conditions. The tubes were damaged by
dropping a fixed weight from a controlled height using the Rosand instrumented
falling weight drop tower. A tup with hemispherical end of diameter 12.7mm was
used as the impactor. It is expected that the damage will reduce the strength of the

composite and provide an initial crack, which could develop once loaded to a critical

level.
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Impact

Axial

Circular Tube

. o Circular Tube | Square Tube Square Tube
Speg)men Damage | Position fg::ggrl; (t=2mm) (t=4mm) (=) fdmam)
& ] om O | b 1osS|T D JosT b J@s]| b
" i i _ | 745 [ 702 | 87.0 [ 760 | 588 | 485 | 692 | 641
(3.7) (2.8) (5.5) (2.1) (10.3) (1.9) (3.7) (4.5)
46. . ;
1.5130 5 30 i 6.7 | 672 | 618 | 735 | 577 [ 464 |
(50.6) (5.6) (31.2) (5.4) (3.5) (5.0)
3130 3 30 L 24.8 41.6 49.0 713.9 412 | 469 | 559 63.3
(9.6) (37.4) (17.9) (5.0) (37.6) 4.7) (28.4) (6.3)
6130 6 30 - 294 33.6 40.7 74.0 324 | 494 | 39.2 | 58.1
(11.5) (5.3) (19.5) (2.5) (16.7) (6.5) (22.8) (10.5)
9730 9 30 v 22.0 379 38.3 43.0 273 | 37.6 | 455 | 613
(32.0) (9.7) (22.8) (2.0) (29.7) (26.3) (24.7) (6.7)
1 5145 15 45 N 56.6 652 89.3 74.6 553 | 47.2 2 i
(42.7) (5.8) (2.9) (2.4) (10.1) (2.8)
3745 3 45 1 22.0 49.8 58.2 75.0 385 | 484 | 679 | 645
(15.2) (43.6) (31.2) (1.3) (35.1) (1.8) (7.1) (3.3)
)
6145 6 45 i 25.5 29.8 33.3 74.5 259 | 479 | 358 | 62.0
(12.4) (6.1) (7.9) (3.8) (8.4) (4.2) (7.0) (6.9)
: : 4 : 60.4
o . i £ } | 34 | 459 [ 232 | 334 | 336
(4.8) (20.1) (7.5) (24.9) (12.3) (5.4)
57.8 | 47.3
1.5Jc30 1.3 30 c - - - - — =
(3.6) (1.5)
56.7 | 520
3Je30 3 30 c — — — = =
(5.8) (6.4)
43.5 49.1 712 65.4
6Jc30 6 30 C = = = =
(31.2) (1.0) (4.3) (2.4)
28.0 | 42.8
9Jc30 9 30 c = = = = = =
(28.2) (11.7)
249 | 279 | 72.0 63.6
12J¢30 12 30 c ~ ~ - -
(12.1) (29.3) (3.1) (4.9)
~ [ 700 | 652
18Jc30 18 30 e = - = - e o
59.0 62.9
24J¢c30 24 30 c = < = = - 3 e B
59.6 | 58.9
30Je30 30 30 c - = o = = 34 o e

Table 22: SEA Results (kJ/kg) for all Tests with Impact Damage

Table 22 shows a summary of the tests completed with impact damaged parts and

SEA results for all the geometries tested. The load vs displacement graphs for all the

tests can be found in Appendix 1.

The impact damaged parts exhibit the same three modes of failure seen in the samp

with holes. When unstable failure occurred it was in the form of a crack initiating at
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the damage zone. Its progression was again either circumferential or towards the

crush zone. The former case causing a greater reduction in SEA than the latter.

Eff:eg,y C JCIL] Q |QIL ] Qc | QILe | C4 | C41L | Q4 | Q4IL | Q4c | Q4ILc

15 J147] - 1144 ] - |11 = 61 = - _ ) .
3J 330 [ 285 1 264 | - | 197 = 129 | - 171 — L =
6J 620 | 615 | 575 | 467 | 369 - 242 ] 380 Q423 - | 299 =
9J 789 | — 554 913 | 340 | 604 | 433 | 576 | 723 | 445 | - 334
12J - - — | 768 | 647 | 705 —- | 637 - — ] 349 -
15J = — = 11632} - 776 | - L 613 | - | 778 | - 747
18J ~ = - = = — £ = — — ] 643 -
21J = = = = = - = = — | 1201 | - 830
24J - = = - ~ - = < - M e
27J = = - - - - = - U 1

ST (SRS SUTRE SUSE R - - - - - Je3] -

Table 23: Area of Damage Zone Caused by Impactor (mm”®)

Increasing the level of impact energy generally created a larger damage zone.
However, in some cases at the higher energy levels there was greater indentation and
even penetration rather than the increase in size of the damage zone, as seen in Figure

56. This makes it hard to characterise the level of impact energy that has caused a

zone of damage by visual inspection.
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6J impact 9J impact 12J impact 15J impact

Figure 56: Damage Levels in Square Tubes with Interleaf Demonstrating
Penetration and Delamination

4.14.1 Damage Levels

Circular (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 74.5 3.) 70.2 (2,

1.5J Impact 30mm from chamfer 46.7 (50.6) 67.2 s

3J Impact 30mm from chamfer 24.8 0.6) 41.6 374)

6J Impact 30mm from chamfer 29.3 (15) 33.6 53

9J Impact 30mm from chamfer 22.0 320, 37.9 o)

Table 24: Results for Impact Damage Levels in Circular Tubes (t=2mm)

¥ i
e s @ e 9
1.5] irﬁﬁact 3J impact 9J impact

Figure 57: Damage levels in Circular Tube Test Specimens after Impacts
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The energy levels of impact tested were 1.5], 37, 6], and 9J. The area of the damage

zone has been estimated (see Figure 57 and Table 23).

The impact damaged samples show a similar trend to samples damaged by the
inclusion of holes with the quasi-statically tested specimens more sensitive to damage
than the dynamically tested samples. The 1.5] samples observed a similar failure
mode to the single Smm hole specimens. Quasi-statically both stable and unstable
failure modes were observed in different samples, while dynamically all samples
crushed in a stable manner. All the quasi-statically tested samples with 3 — 9] failed
unstably. The 3J samples at Sm/s showed a less marked drop in load to the specimens

impacted at higher energy levels.

Circular (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
‘ (Std. Dev. (%)) (Std. Dev. (%))

No Damage 87.0 5.5 76.0 2.

1.5J Impact 30mm from chamfer 61.8 312 73.5 (s.4

3] Impact 30mm from chamfer 49.0 (17.9) 73.9 (5.0

6J Impact 30mm from chamfer 40.7 9.5 74.0 2.5

9J Impact 30mm from chamfer 38.3 28 43.0 (2.0

Table 25: Results for Impact Damage Levels in Circular Tubes (t=4mm)

Again the quasi-statically tested specimens were more sensitive to damage than the
dynamically tested samples. A 1.5] impact has a similar effect to a Smm hole with a
mix of stable and unstable failure modes when crushed quasi-statically. At a higher
test rate this level of damage has no effect. With damage levels of 9] all dynamically

tested specimens failed in an unstable manner causing lower SEA values.
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Square on Face (t=2mm)

Damage Type | Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Deyv. (%))

No Damage 58.8 (10.3) 48.5 (19

1.5J Impact 30mm from chamfer 57.7 ;a5 46.4 (s

3] Impact 30mm from chamfer 41.2 37 46.9 (47)

6J Impact 30mm from chamfer 32.4 167) 49.4 5

9J Impact 30mm from chamfer 27.3 9.7) 37.6 e

Table 26: Results for Impact Damage Levels in Square Tubes (t=2mm)

The reduction in damage area between the 6J and the 9J samples can be explained by
two of the 9J samples exhibiting greater indentation and less lateral delamination.
Apart from this the damage zone sizes are similar to those experienced by the round

tubes.

The quasi-statically tested specimens were more sensitive to damage than the
dynamically tested samples. The 1.5] samples observed a slight drop in load in the
vicinity of the damage zone. At 3] there was a mix in failure modes between stable
and unstable, while dynamically all samples crushed in a stable manner. All the
quasi-statically tested samples with 6] and above failed unstably with a
circumferential crack initiating at the damage zone and then propagating around the
rest of the tube. With the dynamically tested samples a marked drop in load was only

experienced in samples that were impacted at 9J.
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Square on Face (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 69.2 37 64.1 uo

3] Impact 30mm from chamfer 55.9 284 63.3 3

6J Impact 30mm from chamfer 39.2 22.8) 58.1 (10.5)

9J Impact 30mm from chamfer 45.5 4.7 61.3 67

Table 27: Results for Impact Damage Levels in Square Tubes (t=4mm)

Again the quasi-statically tested specimens were more sensitive to damage than the

dynamically tested samples. The quasi-static threshold for stable and unstable crush

was seen at 3J with a mix of stable and unstable failure modes. Above this level all

samples exhibited unstable circumferential cracking. The dynamic threshold is hard

to observe with the drop in load localised to the position of the damage and only a

small reduction in SEA compared to the undamaged samples. A 6] sample exhibited

a greater drop in load than any of the 9J samples.

Square on Corner (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
" (Std. Dev. (%)) (Std. Dev. (%))

No Damage 58.8 (103) 48.5 19

1.5) Impact 30mm from chamfer at 578 e 478 w5
Corner

3] Impact 30mm from chamfer at 567 65 52.0 5.4
Corner

6] Impact 30mm from chamfer at 435 o1 49.1 4o
Corner

9J Impact 30mm from chamfer at IR0 o 42 8 qin
Corner

12] Impact 30mm from chamfer at 24.9 12 T o5

Corner

Table 28: Results for Impact Damag

Corner
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The quasi-statically tested specimens were more sensitive to damage than the
dynamically tested samples. At 6] there was a mix in failure modes between stable
and unstable. All the samples with 9 — 12J failed unstably with a circumferential
crack initiating at the damage zone and then propagating around the rest of the tube.
With the dynamically tested samples a marked drop in load was only really

experienced in samples that were impacted at 12J (only one 9J specimen experienced

unstable failure).

Square on Corner (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
. (Std. Dev. (%)) (Std. Dev. (%))
No Damage 69.2 3.7 64.1 4
6CJOIrrnne]zact 30mm from chamfer at 712 s 65.4 20
éZOJrrIl;r;pact 30mm from chamfer at 72.0 51 63.6 10
éi]mh:rpact 30mm from chamfer at 70.0 o0 65.2 o
ét{nher;pact 30mm from chamfer at 59.0 16, 629wy
é(i]mh;pact 30mm from chamfer at 59.6 44 58.9 (g0,

Table 29: Results for Impact Damage Levels in Square Tubes (t=4mm) at the
Corner

Far higher energy level impacts were required at the corners of the 4mm wall
thickness samples to cause unstable failure. The quasi-static threshold damage size
was 24J, while dynamically tested samples were only starting to show localised drop

off in load at 30J. The size of the damage zone caused by the impact at the corners IS

also far less than a similar impact on the face of the tube.

The threshold damage level for unstable failure at the corners of the square tube were

generally higher than on the face, but when unstable failure occurred there were fewer

. : in load was seen
corners remaining to arrest the propagation of the crack so the drop in |

to be greater than for samples damaged on the face of the tube.
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4.1.4.2 Damage Position — Axially

It was found in the tests with holes that positioning the hole further from the
chamfered end of the tube increased their performance under dynamic loading. Tests

were done to see 1f this were the same for tubes with impact damage.

For all the samples tested the quasi-statically tested specimens were more sensitive to

damage than the dynamically tested samples.

Circular (t=2mm)

Damage Type ‘ ‘ Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 74.5 3 70.2 (25

1.5] Impact 45mm from chamfer 56.6 (42.7) 65.2 (5.8

3] Impact 45mm from chamfer 22.0 152 49.8 (136)

6J Impact 45mm from chamfer 25.5 (12.4) 29.8 1)

Table 30: Results for Axial Position of Impact Damage in Circular Tubes
(t=2mm)

There was very little difference caused by the position of the damage zone being
45mm rather than 30mm from the chamfered end of the tube. The dynamic threshold
is observed to be the same for the dynamically tested samples regardless of the axial

position of the damage zone.
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Circular (t=4mm)
Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 87.0 (5.5) 76.0 (2.1)

1.5 Impact 45mm from chamfer 89.3 2.9 74.6 (2.4,

3J Impact 45mm from chamfer 58.2 1.2 75.0 .3

6J Impact 45mm from chamfer 33.3 (79) 74.5 (38

9J Impact 45mm from chamfer 31.4 ug 45.9 201

Table 31: Results for Axial Position of Impact Damage in Circular Tubes
(t=4mm)

Under quasi-static loading unstable failure was observed in all samples impacted at 3J
and above. This is the same as for samples impacted at 30mm, although none of the

1.5] samples failed unstably, which had previously exhibited a mix of failure modes.
With damage levels of 9J and above all dynamically tested specimens failed in an

unstable manner causing lower SEA values. This is the same threshold level as for

previous testing.

Square on Face (t=2mm)

' Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))
No Damage 58.8 (103) 48.5 (19)
1.5] Impact 45mm from chamfer 55.3 (o) 47.2 3
3] Impact 45mm from chamfer 38.5 3s.1) 48.4 (13
6] Impact 45mm from chamfer 25.9 (8.4) 47.9 42
9] Impact 45mm from chamfer 23.2 (1.5) 33.4 (249)

Table 32: Results for Axial Position of Impact Damage in Square
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The same threshold damage levels are observed as for samples impacted at 30mm.
With damage levels of 3] and above all quasi-statically tested specimens failed in an

unstable manner causing lower SEA values. Dynamically tested samples did not

exhibit this effect at impact levels below 9J.

Square on Face (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

No Damage 69.2 3.9) 64.1 45)

3J Impact 45mm from chamfer 67.9 7. 64.5 33

6] Impact 45mm from chamfer 35.8 (7.0 62.0 (69

9] Impact 45mm from chamfer 33.6 (12.3 60.4 (5.4

Table 33: Results for Axial Position of Impact Damage in Square Tubes (t=4mm)

The quasi-static threshold for stable and unstable crush was seen at 3J with unstable
failure being observed in the vicinity of the damage zone. This can be seen more
clearly in the load vs displacement graphs in Appendix 1 than in the SEA values in
Table 33. The dynamic threshold is hard to observe with the drop in load localised to
the position of the damage and only a small reduction in SEA compared to the
undamaged samples. However, looking at the samples with a 9] impact at 45mm post
test (see Figure 58) it is clear that the samples have started to fail at the damage zone

and that the crack is only present on the front face of each of the samples.
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Figure 58: Square Samples (t=4mm) with 9J impact at 45mm Post Test

The axial position of the damage zone does not affect the threshold damage levels to
cause unstable failure. This is true for both quasi-statically and dynamically tested
samples. Figure 58 shows the localised unstable failure of dynamically tested square
(t=4mm) samples impacted 45Smm from the chamfer with 9J of energy. Observing
these samples helps to understand what happened during the crush of samples
impacted at 30mm, for which we have load vs displacement traces for crush through
the damage zone, and how the position of the damage relates to a reduction in

sustained load.
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4.1.5 Interlaminar Toughening via Interleaves

Interleaves were used to improve the damage tolerance of the composite structure.

The interleaf is moulded between each ply in the test specimens and would increase

the interlaminar fracture toughness and therefore impact performance. Testing was

done quasi-statically and dynamically for each of the tube geometries. Impact energy

levels were tested to find the threshold level above which unstable failure occurred. It

is expected that interleaves will improve the damage tolerance by reducing the area of

damage caused by a given level of impact. However, it has been shown in section 2.1

that this 1s likely to reduce the SEA performance of the composite. SEA results are

shown below in Table 34.

e Impact | Axial Positi Circular Tube | Circular Tube | Square Tube | Square Tube
P D Damage | Position (Corn::; (t=2mm) (t=4mm) (t=2mm) (t=4mm)
@) (mm) Q-S D Q-S D Q-S D Q-S D
L i = i 53.2 55.6 453 53.6 34.6 39.6 41.4 48.0
(1.8) (2.7) (4.3) (5.6) (11.7) (4.5) (2.9) (5.4)
[L3J30 3 30 = L it = = — - -
(27.0) (6.4)
39 B
L6130 6 30 B 29.2 36.1 41.8 52.0 32.0 | 39 N
(21.6) (22.3) (3.5) (5.9) 011 (1.3)
26.3 32. 41.4 48.8
1L9J30 9 30 B B B 46.3 50.6 6 6 1
(7.9) (2.3) (43.8) (10.4) (6.1) (6.7)
. : 23.9 | 35.2
IL12J30 12 30 - - - o i - .
(22.3) (22.1) (37.5) (4.8)
: 4ON] 21.8 35.6 0T 46.3
IL15J30 15 30 - — = iio
(40.8) (18.9) (9.4) (14.1) 2.1) (3.8)
39.9 46.5
[L21J30 2] 30 — — — - = - - i o
35.3 46.6
1L27130 27 30 - i N B i B - (6.1) (5.7)
L B 32.8 | 324 B -
9JC3O 9 30 & N - = (2.9) (24.1)
254 28.1 44 8 47.9
[L12]c30 12 30 C . E o ) (40.5) (17.3) (6.9) (5.0)
15.0 26.7
IL151C3O 15 30 C = W a K (1.5) (28.8) )
37.3 48.0
IL187¢c30 18 30 c = - i o - 0 B.4)
42.7 47.8
[L243¢30 24 30 c = ia - - - i ©.5)

Table 34: SEA Results (kJ/kg) for all Tests with Interleaves
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4.1.5.1 No Damage - Rate Effects

The inclusion of an interleaf did not change the failure modes. The samples still
: 1

failed progressively by splaying, but the inclusion of the interleaf affected the
appearance of the crushed samples. In the circular tubes it can be seen that more
fronds are formed and there is some delamination between the plies in the fronds (see
Figure 59 and Figure 60). The square samples exhibit similar delamination in the

fronds, but the number of fronds is still four, separated at the corners

Figure 60: Quasi-Statically Crushed Circular (t=4mm) Sample without Interleaf

The introduction of the interleaf reduced the amount of serration of the load vs
s inclusion reduced SEA for both quasi-statically and

s was expected after research by Sohn

displacement trace. However, it
dynamically tested samples (see Table 35). Thi

et al. [34] observed a reduction in compressive strength of the composite samples they
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tested with interleaves. The rate effects are seen to reverse, with dynamically tested

samples absorbing higher energy levels than the quasi-statically tested samples.

Circular Tube | Circular Tube | Square Tube | Square Tube
Specimen ID __(t=2mm) (t=4mm) (t=2mm) (t=4mm)
_Q-S D Q-S D Q-S D Q-S D
NN Trterleat 74.5 70.2 87.0 76.0 58.8 | 48.5 | 69.2 64.1
(3.7) (2.8) (5.5) 2.1 (10.3) (1.9) (3.7) (4.5)
SEA - Interleaf 33.2 55.6 453 53.6 346 | 396 | 414 48.0
(1.8) (2.7) (4.3) (5.6) (11.7) (4.5) (2.9) (5.4)
Vo Decrease with | 556 | 208 | 480 | 294 | 411 | 182 | 402 | 252
Interleaf
Table 35: Effect of Interleaf on SEA
4.1.5.2 Damage Levels with Interleaf
Circular (t=2mm)
Damage Type > Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))
Interleaf — No Damage 53203 55.6 2.7
Interleaf — 3] Impact 30mm from 434 270, 505
chamfer
Interleaf — 6] Impact 30mm from 292014 36
chamfer

Table 36: Results for Impact Damage Levels in Circular Tubes (t=2mm) with
Interleaf

During the quasi-static testing it was observed that in the specimens where the
circumferential crack did appear the growth of this crack was slower than with the
specimens without the interleaf. The inclusion of the interleaf only reduced the size
of the damage zone slightly caused by the impact (see Table 23). This was not seen to

be the case for all geometries tested, as was suggested by Kim [35] and Masters [36].

By including the interleaf it is possible to increase the damage tolerance of the tubes,
but it is at the expense of energy absorption performance. The damage threshold,
above which the specimens start to fail in an unstable manner due to circumferential

cracking, doubles from 1.5J to 3J quasi-statically with the inclusion of an interleaf,

and from 3J to 6J dynamically.
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Circular (t=4mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

Interleaf — No Damage 45.3 @3 53.6 s)
Interleaf — 6J Impact 30mm from 41.8 55 52.0 50,
chamfer

Interlea.f— 9] Impact 30mm from 463 70, 50.6 (1 5,
chamfer

=12

Interleaf — 12J Impact 30mm from 36.8 23, G5
chamfer

Interleaf — 15J Impact 30mm from 29.6 o3, 491 e

chamfer

Table 37: Results for Impact Damage Levels in Circular Tubes (t=4mm) with

Interleaf

The results for the 4mm wall thickness specimens also show greater performance post

impact than the samples without the interleaf. The damage threshold increased from

1.5] to 12J quasi-statically with the inclusion of an interleaf, and from 9J to 15J

dynamically.

Square on Face (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

Interleaf — No Damage 34.6 119) 39.6 @)
ir;lt;ﬂ?:rf— 6J Impact 30mm from 32.0 0 392 1)
Interleaf — fi

Crkllae;lﬁsr 9] Impact 30mm from 263 s 306 s
il;]taerl?af— 12J Impact 30mm from 23.9 575, 352 s

mfer
Interleaf — 15J Impact 30mm from 218 o 25 Gy

chamfer

Table 38: Results for Impact Damage Levels in Square Tubes (t=2mm) with

Interleaf

Samples were impacted at energy levels of 6J, 9J and 127, and 15J. The area of the

damage zone has been estimated (see Figure 56 and Table 23).
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The reduction in damage area between the 9J and the 12J samples can be explained by
all of the 12J samples exhibiting greater indentation and less lateral delamination.

The damage size for a 6] sample shown is lower than for corresponding round tubes

with interleaf.

During the quasi-static testing it was observed that in the specimens where the
circumferential crack did appear the growth of this crack was slower than with the
specimens without the interleaf. This improved damage resistance lead to greater

resistance to cracking and delamination during crushing.

By including the interleaf it is possible to increase the damage tolerance of the tubes,
but it 1s at the expense of a drop in performance (40% quasi-statically but only 18%
dynamically). There is no longer a reduction in SEA as test speed increases. There is

even a 9% increase in SEA for the samples tested at 5m/s.
The damage threshold, above which the specimens start to fail in an unstable manner

due to circumferential cracking, increases from 3J to 9J quasi-statically with the

inclusion of an interleaf, and from 9J to above 15J dynamically.

Square on Face (t=4mm)

Damage Type _ = Salic SEA (kJ/kg) | Dynamic SEA (kJ/kg)
. - H _(Std. Dev. (%)) | (Std. Dev. (%))
Interleaf — No Damage 41.4 29 48.0 (5.4
ir}lltaeﬂ?af — 9J Impact 30mm from 414 4, 48.8 (6.7)
mfer

irfllterliaf— 15J Impact 30mm from 9.7 o, 463 s

amfer
ir}llt;ri?:rf— 21J Impact 30mm from 39.9 1) 46.5 23
Interleaf — 27J Impact 30mm from 353 46.6 s
chamfer L

Table 39: Results for Impact Damage Levels in Square Tubes (t=4mm) with
Interleaf
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The results for the 4mm wall thickness samples show far greater performance post

impact than the samples without the interleaf. The damage threshold increased from

3] to around 27J quasi-statically with the inclusion of an interleaf, and from 6J to

above 27J dynamically.

Square on Corner (t=2mm)

Damage Type Static SEA (kJ/kg) | Dynamic SEA (kJ/kg)
(Std. Dev. (%)) (Std. Dev. (%))

Interleaf — No Damage 34.6 117 39.6 s
Interleaf — 9J Impact 30mm from 3.8
chamfer at Corner - 29) 32.4 @y
Interleat — 12J Impact 30mm from
chamfer at Corner 254 s 28.1 azy
Interleaf — 15J Impact 30 fro

E el IRIDELOn 15.0 o5, 26.7 oss)

chamfer at Corner

Table 40: Results for Impact Damage Levels in Square Tubes (t=2mm) at the
Corner with Interleaf

The rig used to hold the specimens while damage was impacted is shown in Figure

31. The energy levels of impact tested were 9J, 12J and 15J. The effect of these

impact energy levels is shown in Figure 61.

9] Impact

12J Impact

15J Impact

Figure 61: Damage levels in square tube test specimens with interleaf after
impacts at corners

The area of damage is smaller at the corners than corresponding impacts on the

surface (see Figure 56). With impacts on the face of the tubes the area of damage size
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increased more with each incremental rise in impact energy than is observed for

impacts at the corners.

There is an obvious threshold value of 12J for the quasi-statically tested samples
where there was a mix in failure modes between stable and unstable. Below this
value all specimens failed stably and above this value all specimens exhibited an
unstable failure mode. Dynamically there appeared to be mixed modes of failure for

all sets of tests from 9J to 15J, suggesting a broader threshold damage level.

Square on Corner (t=4mm)

Damage Type ~ | Static SEA (kl/kg) | Dynamic SEA (kJ/kg)
_ (Std. Dev. (%)) (Std. Dev. (%))

Interleaf — No Damage 41.4 59 48.0 (5.4

Interleaf — 12J Impact 30mm from

chamfer at Corner 4.8 69 i

Interleaf — 18] Impact 30mm from

chamfer at Corner 373 @ 48.0 63

Interleaf — 24J Impact 30mm from 427 o 478 o)

chamfer at Corner

Table 41: Results for Impact Damage Levels in Square Tubes (t=4mm) at the
Corner with Interleaf

With 4mm wall thickness samples the quasi-statically tested specimens were again
more sensitive to damage than the dynamically tested samples with a localised drop in
load observed in specimens with damage levels above 18J. The dynamic samples did
not experience any drop in performance even at 24J. This shows increased
performance quasi-statically. Dynamically the samples without interleaf start to

exhibit a drop in load at about 24J, which is not observed in the interleaved samples.
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4.2 Ultimate Compressive Stress (UCS)

Having completed the tube crush programme, work was started to determine why
some samples were more damage tolerant than others. The mode of failure observed
at the damage zone was similar to that observed in compressive coupon samples
tested by Fernie [48]. This section shows the results for each of the sample types
when tested without any trigger to find the ultimate compressive stress. The coupon

samples exhibited a 26% increase in UCS with test rate so similar increases are

expected.
Sample Type " Quasi-Static | Dynamic UCS | % Increase
UCS (MPa) (MPa) with Rate

Circular Tube (t=2mm) 174.9 26 234.0 23 33.8
Circular Tube (t=2mm)
e 1328760 16959 . is 45.1
Circular Tube (t=4mm) 237.2 o7 - -
Circular Tube (t=4mm) 168.2 ) )
with Interleaf o
Square Tube (t=2mm) 180.4 (5.4 265.0 (5.1 47.0
Square Tube (t=2mm) with 1712 08 269.4 ) 574
Interleaf
Square Tube (t=4mm) 234.0 (1.6 291.6 (19 24.6
Square Tube (t=4mm) with

. 248.4 2 42.5
Interleaf 1743 6 el

Table 42: Ultimate Compressive Stress Results

Table 42 shows that the UCS increased for all geometries tested with and without
interleaf, by between 24.6 and 57.4%.

By dividing the average crushing stress by the UCS for each of the undamaged tube
types gives the results shown in Figure 62. It can be seen that dynamically tested
samples crush at a lower load compared to the ultimate compressive load of the

sample. This means that a larger stress concentration is required to cause unstable
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failure to occur. This is also shown to be the case for interleaved samples when

compared to samples without interleaf.
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Figure 62: Crush Load as Percentage of Ultimate Compressive Load

4.3 Friction

The introduction of an interleaf improved the damage tolerance of the specimens.
However, this was coupled with a reduction in SEA by up to 48%. The main cause of
this was suspected to be the reduction in coefficient of friction in the crush zone.
Frictional effects have been shown by Fairfull [59] to account for more than half of
the energy absorption capability of a crushing tube. This section looks at the results
for the coefficient of friction between each of the samples and the ground steel crush

platen. The results for the coefficient of friction are shown in Figure 63.
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Figure 63: Coefficient of Friction Test Data

The test equipment described in 3.5.4 requires visual readings to be taken for the
torque values. Due to smaller values being recorded at lower loads any errors in
readings produce a proportionally greater error in the final results. By ignoring the
results up to SkN it is possible to guarantee the results are for kinetic friction only. A

summary of these results is shown in Figure 64.
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Figure 64: Coefficient of Friction Test Results Summary

It was suggested by Mamalis er al. [92] that the reduction seen in the energy
absorption at dynamic rates was due to higher values of friction between the wedge
and the fronds and the crush platen and the fronds in the static tests. With these
results there is no obvious difference between the results for the quasi-statically and
the dynamically tested samples, although the friction tests all take place at a quasi-

static test rate.

When averaged, samples without an interleaf have a coefficient of friction between
the crush zone and the ground steel crush platen of 0.36. Samples with an interleaf
have a coefficient of friction of 0.22. These results confirm that the SEA reduction

seen through interleaving could be accounted for by a reduced coefficient of friction

in the crush zone.
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4.4 Optical Microscopy

Examining the crush zone morphology can give an insight into the ways that energy is
absorbed in the crushing of the tubes. A scan of each of the potted samples can be
seen in Figure 65. The micrographs for each sample type tested, both quasi-statically
and dynamically can be seen in Appendix 2. With many of the quasi-static samples
(all except the circular and square samples with 4mm wall thickness without an
interleaf) a compressive failure is observed in the wall of the sample away from the
crush zone. This is due to the crush load being sustained while the samples were cast

in resin, which was done to preserve the crush zone morphology as it is during a test.

CILd CILs Cd Cs
C4IL C4IL c4d Cds

QILd QILs Qd Qs
Q4IL Q4IL Q4d Q4s

Figure 65: Scan of Samples with Crush Zone Encapsulated in Resin
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The micrographs all exhibit a similar shape to the schematic of the splaying crush
mode shown in Figure 12. The debris wedge and the centre wall crack associated
with the splaying failure mode are clearly visible in all samples. The micrographs
also show flexural damage in the fronds. They confirm the greater curvature seen in

the quasi-statically tested samples and the greater degree of fragmentation seen in the

fronds of the dynamically tested samples.

The micrographs generally show a shorter centre wall crack in samples with interleaf
(although not in the QILs sample). By measuring the crack lengths from the tip of the
debris wedge to the end of the crack for all samples the interleaved samples had an
average crack length 20% shorter than samples without interleaf. This 1s to be
expected as the interleaf will increase the interlaminar fracture toughness. This leads
to a tighter angle through which the fronds bend at the crush platen and can result in a
greater amount of delamination, which has been observed in the fronds of the
interleaved samples. However, micrographs are only representative of one point

around the perimeter of the tube and may not be representative of the entire specimen.
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4.5 Environmental Scanning Electron Microscopy (ESEM)

ESEM images of the crush zone and fronds of quasi-statically and dynamically tested
samples were taken. Images from the fronds of quasi-statically and dynamically
tested cylindrical tubes (t=2mm) without any damage are shown in this section. The
aim of this work is to show the difference between the fibre and the matrix from the

fronds of quasi-statically and dynamically tested samples

It was possible to observe the change in crush mode as specimens were crushed quasi-
statically and dynamically. It was also obvious that the change in crush mode caused
a reduction in SEA as test speed increased. By using an Environmental Scanning
Electron Microscope (ESEM) it was possible to observe the crush zone morphology
and obtain an insight into why the quasi-statically tested samples had higher SEA

values than the dynamically tested ones.

Geary [117] found that the fracture toughness increased by a factor of 2.5 to 3 at
increased test rate. Work by Fernie [116, 127] also showed that as the test speed
increases the ultimate tensile and compressive strengths of the polyester resin used
increased by 74% and 112% respectively, as well as an increase in elastic moduli by
up to 117%. This will account for the greater fragmentation of the matrix at higher

test speeds.
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Figure 66: ESEM Images of Fibres in the Fronds (Quasi-Static and Dynamic)
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Figure 67: ESEM Images of Resin in the Fronds (Quasi-Static and Dynamic)

From the ESEM images it can be seen that the dynamically tested samples show a
greater degree of matrix fragmentation than the quasi-statically tested samples (see
Figure 67). The fronds of the quasi-static samples exhibit areas where the resin has
remained intact, and it can be seen where fibres have pulled out of the matrix. As the
matrix breaks up at higher testing rates the support for the fibres is reduced causing
them to buckle, which absorbs less energy than when the fibres are constrained. The
resin absorbs more energy dynamically than statically. However, this is at the

expense of the fibres, which are capable of absorbing a greater amount of energy.
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Figure 68: ESEM Images of Glass Fracture Surfaces (Quasi-Static and
Dynamic)

The glass strands also show a different fracture surface between the different rates
(see Figure 68). Quasi-statically tested samples exhibit tensile fracture of the surface,
while the dynamically tested samples are seen to have sheared at the fracture surface.
This could be due to higher fracture toughness at higher test rates leading to a shorter
centre wall crack, which would force the fronds through a tighter angle and lead to
more transverse shear failure of the fronds rather than interlaminar shearing. This is
in line with the failure modes in section 2.2.1, with more fragmentation being

observed, and therefore less energy absorbed.
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4.6 Fibre Volume Fraction

Fibre volume fraction tests were conducted as described in section 3.5.5. The results
from the burn off tests are shown in Table 43 below. The results give an average fibre
volume fraction of 24.9% with a percentage standard deviation of 4.7%. These results
confirm that the fibre volume fraction was indeed kept constant for all geometries

tested enabling more reliable comparison of data.

Circular Circular Square Square
(t=2mm) (t=4mm) (t=2mm) (t=4mm)
Without
Interleaf 26.1 we) 23.3 .y 20.3 4.9) 26.0 (5.1
With
Interleaf 243 a3) 235 @2 24.8 (09) 24.7 (.9

Table 43: Fibre Volume Fraction Results (%) from Resin Burn Off Tests (values
in brackets are % standard deviation)
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5 Discussion

The SEA value recorded for this the CoFRM E-glass/polyester tubes tested of 74.6 —
87.0kJ/kg for the circular geometries tested quasi-statically is significantly higher than
the value of 25 — 50kJ/kg typically seen for steel and aluminium tubes. It is also at the
top end of the range for glass/polyester (39kJ [57] to 80kJ [60]) as described in

section 2.2.2.

Undamaged samples and samples with damage levels below a threshold level crushed
progressively (failure mode A). This progressive crush was in the form of splaying,
with a greater degree of fragmentation observed in samples crushed at a higher test
speed. When the level of pre-existing damage exceeded the threshold level, unstable
failure occurred in the form of a crack initiating at the damage zone (failure modes B
and C). The crack would propagate either around the tube, bisecting it (failure mode
B), to the crush zone or to the corners of the square tubes and then down to the crush
zone (failure mode C). This would lead to a reduction in the load taken by the
specimen and a section of the tube being removed uncrushed. The extent of the drop
in load is determined by the size of the removed section. The effect is greatest when
the crack bisects the tube (failure mode B) and least when the crack propagates to the
crush zone and is engulfed enabling the crush load to return to undamaged levels
(failure mode C). At the threshold damage level there is generally a mix in failure
modes between stable and unstable. In some cases the progression of the crush front
and central wall crack have to interact with the damage zone to cause further
weakening before crack growth is initiated. In these cases the crack generally
propagates to the damage zone and is engulfed with only a small localised drop in

load being observed. The change in failure mode from stable to unstable indicates the

threshold damage level.

5.1 Rate Effects

The crush zone morphology of a CoFRM E-glass /polyester tube tested at dynamic

rate is significantly different to that seen under quasi-static loading. More fibre

. . .. . . ;
damage is seen under quasi-static conditions, and more matrix damage is seen unde

impact. The effect 1s attributed to the viscoelastic nature of the matrix material.
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Work by Fernie [116, 127] and Geary [117] found that as the test speed increases the
ultimate tensile and compressive strengths, elastic moduli and fracture toughness all
increased. At the higher rate the resin is more brittle and fractures earlier, leaving the
fibres unsupported, more compliant, and less likely to fail by shearing. This leads to
the dynamic SEA being lower than the quasi-static SEA. Early work in the literature
suggested that increasing the rate of the tests could cause the SEA to increase [120,
121], decrease [87, 92, 115] or stay the same [57, 107], although more recent research
suggests similar results to those outlined in this work where SEA is seen to decrease
as test speed increases (e.g. Browne er al. [102]). The increases in SEA were
generally due to changes in failure mode from buckling or fragmentation to splaying,

which would account for the increase in SEA.

Dynamically all samples displayed greater damage tolerance than quasi-statically
tested samples. Local fracture at the simulated damage site is driven by local
maximum stress. Fernie [116] showed with coupon tests for this material that the
ultimate tensile and compressive stresses (UTS and UCS) increased by 115% and
26% at the rate of Sm/s, but also found that at higher speeds (up to 7m/s) a reduction
was then seen. Test results in this work for tubular samples without a chamfer as a
crush initiator found that the UCS increased by between 25% and 50% at 5Sm/s. This
increase in failure stress therefore increases the load required for onset of failure by
fracture at the damage zone at impact rates. Also, at impact rates, samples crush at a
lower load. These lower crushing stresses require a greater damage level (or stress
concentration) to trigger the tube to fail in the same unstable manner. Unstable failure
can also occur when the effects of the local damage and the crush zone morphology
interact, when the central wall crack associated with the crush zone is close enough to
the damage to cause further weakening, leading to a localised reduction in load.
Secondary effects, such as inertia and material damping would also tend to localise
the material failure at the crush zone away from the damage under dynamic

conditions.

For all geometries tested it was shown that quasi-statically tested samples absorbed

more energy than dynamically tested samples. However, dynamically tested samples

were shown to be able to absorb greater amounts of impact damage before failing n

an unstable manner. This could be explained by the crush load being a lower
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percentage of the ultimate crush load and therefore a greater stress concentration is

required to cause unstable failure.

5.2 Geometric Effects

A square tube was seen to absorb less energy than a circular tube of similar cross
sectional area and wall thickness as was observed in section 2.2.3. Circular tubes
were seen to absorb 74.5kJ/kg and 87.0kJ/kg quasi-statically for samples with 2mm
and 4mm wall thicknesses respectively. For equivalent square section samples the
SEA values are 58.8kJ/kg and 69.2kJ/kg. The SEA value was reduced by
approximately 21% for both wall thicknesses tested. This is attributed to the
geometric stress raisers of the corners and the reduction in composite material

properties, which are generally seen at discontinuities.

With an interleaf the reduction in SEA with a shift from circular to square section is
35% for thin walled samples and 8.5% for thick walled samples. The SEA reduction
due to the inclusion of an interleaf for the square tubes is around 40% for samples of
both wall thicknesses. The thinner circular tubes show a far lower reduction in SEA
than the thick tubes. Possible reasons for this are that the square tubes tear at corners
so the reduced friction has less effect because of the failure mode, or that the thicker
tubes have 6 layers so the debris wedge slides between plies rather than through a ply.

However, more geometries would need to be tested to support these assertions.

Although the square tubes were seen to absorb less energy than circular tubes, they
displayed a similar threshold hole size, regardless of the peripheral position of the
hole. The threshold hole size was seen to be dependant on loading rate. Larger stress
concentrations were tolerated at the higher rate. The square tubes are generally more
tolerant to impact damage than circular tubes, especially when impacted at the
corners. The corners were also seen to arrest the progression of cracks that formed,

which often lead to smaller reductions in load than circular tubes where the crack

would progress until it had bisected the tube.

It has been shown in section 2.1 that the load required to initiate delamination 1s

proportional to the thickness of the sample to the power 1.5. Increasing the wall
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thickness of the tubes improved the damage tolerance of the samples tested. The
increases were not as marked as might be expected from work by Caprino e al. [16]

Tan and Sun [17], and Schoeppner and Abrate [19] showing a power law, except in

the samples with an interleaf.

5.3 Damage

§.3.1 Holes

The presence of a hole in a tube can have a significant effect on the mode of failure, at
its worst case triggering a global collapse and reducing the energy absorption
properties. A threshold hole size exists, below which progressive crush is seen, and
above which global collapse occurs. For the materials and geometries tested in this
study, under quasi-static loading the threshold hole size is Smm, where a mixture of
progressive crushing and unstable failure were observed. Under quasi-static loading,
above the threshold size, the onset of failure is at the hole and is entirely load
dependent (i.e. independent of axial position of the hole). Dynamically, the threshold
size was increased to 10mm, and for all samples in this study the load drop was
restricted to the vicinity of the hole, where the load returned to the pre-hole level by
the end of the test (i.e. the load-displacement behaviour is strongly dependent on axial
position of the hole). Multiple holes, where the holes are positioned with centres two
diameters apart, are seen to interact under quasi-static loading - a global collapse is
seen for all samples where two holes are spaced within two hole diameters. However,
no interaction effects were seen under dynamic loading where only a small drop in
load around the position of the hole was recorded. Generally, the effect of two Smm
diameter holes is not as marked as a single 10mm diameter hole. It may be necessary

to test more hole sizes around the threshold level to confirm the exact threshold hole

size.

The hole size required to trigger unstable crush under quasi-static loading (5mm) was

seen to be the same for square tubes as in equivalent circular section tubes and was

the same for corner holes as for holes on the face. In square tubes the corners act as a

means of arresting propagating cracks and led to a less marked reduction in SEA than

with circular tubes. The drop in load for tubes with comner holes was greater than that
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seen for tubes with face holes as the crack would propagate to at least two faces
before being arrested at the next corners, rather than just one face. At impact rates the
damage tolerance was increased and the threshold hole size was seen to be above

10mm.

At the threshold hole size a crack did not form in every sample. The unstable failure
often causes only a small drop in SEA with the crack being initiated due to the
interaction between the crush zone and the stress concentration causing further
weakening. The progression of the crack is usually only to the crush front. There is a
slight drop caused when the crack forms at the position of the hole, and is not always
obvious from SEA data (averaged over the full length of the crush). Above the
threshold hole size the hole causes a crack to form in early stages of crush, usually

when the load taken by the sample reaches close to the steady state load.

For this material tested, relatively small hole sizes can cause unstable failure to occur,
although it has been shown that the damage tolerance of the material increases at
higher test rates. This is due to the increased UCS and decreased crush load resulting
in the crushing stress of the dynamically tested samples being far lower as a

percentage of the ultimate compressive stress of the material.

5.3.2 Simulated Delaminations

In the circular tubes tested simulated delaminations of up to 1.5 times the tube
diameter caused a local drop in steady-state crushing load, and no unstable failure
modes were seen under quasi-static or dynamic load cases. For the data presented
here with single ply delaminations, the energy absorption can be conservatively
estimated from the reduction in inter-ply surface area. Stacked delaminations were
seen to interact and cause a greater reduction in crush load. The results show that the

crush mode is relatively insensitive to local delaminations, and that the SEA 1s less

sensitive to delaminations under dynamic loading rates.

Delamination had a greater effect in square tubes than in circular tubes, causing

unstable failure in quasi-statically tested samples with two stacked 32mm Melinex®

inserts or a single 50.8mm insert. The delamination reduced the local wall thickness
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of the tube. The single ply layer then buckled with a crack forming at the centre of
the insert position. This crack then progressed around the circumference of the tube
causing a large reduction in SEA. Quasi-statically tested specimens were more
sensitive to delamination damage than the dynamically tested samples, which did not

experience any crack formation.

It is possible that the localised reduction in load may be attributed to the simulated
delamination reducing the friction in the crush zone in the vicinity of the insert, and
the delamination separating the tube into thinner sections, which were more
susceptible to buckling, which is known to be a less efficient mode of energy
absorption as shown by Farley [51]. Square section samples are more likely to be
vulnerable to this type of failure because of the combination of strong, rigid corners
with weak planar sections. Thomton [71] found that below a certain thickness :
section size ratio, @, the collapse tends to be unstable. The critical ratio, ®, was
found to be appreciably higher for square and rectangular graphite FRP sections (® =
0.075) than circular sections (@ =~ 0.025). This could also be related to the second

moment of area, where by calculating the buckling load Py:

_m’El

b=

(7)

for the circular and square sections tested, the load required to buckle the square tubes
is 21% lower than the load required to buckle the circular samples. However, even
using Equation 7 the buckling load is 454kN for square tubes and 572kN for

cylindrical with 2mm wall thickness, which are over 20 times the crush loads of the

samples. E for this material is 10GPa [113].
By examining local buckling of the composite the critical stress for a circular section
1s:

E t
00 = e 4] ®
T3 -vH\R

121



Chapter 5: Discussion

v for this material is approximately 0.3. Using Equation 8 gives a critical load of
144kN, which is still in excess of what is experienced by the composite. For a square

section:

__”Z_E_H 0
Tl T30\ B ©)

Where B is the width of the plate between the clamped edge restraints (upper bound
solution). This equates to a critical load of 42kN. By assuming the delamination
divides the wall thickness by 2 the critical load would be 10.5kN, which is now nelow
the actual crushing load of 19kN, and therefore buckling can occur. The delamination
will divide the tube into sections of thinner wall thickness. It is therefore likely that
local buckling rather than global buckling caused the unstable failure in the square
samples with delaminations. It also explains why the cylindrical samples did not

exhibit unstable failure and the square samples did.

5.3.3 Impact Damage

Generally as the level of impact energy increased the size of the damage zone
increased. However, the main exception to this rule is when the tup penetrates or at
least partially penetrates the sample, when the size of the damage zone may be smaller
than a lesser impact that has caused a larger area of delamination. These observations

are supported by Cantwell and Morton [6].

Impact damage was seen to have a significant effect. There is a far larger range of
threshold impact levels associated with geometric and testing parameters than in
samples with holes in. Above a threshold impact energy level, unstable failure
modes, similar to those seen due to the inclusion of holes, were observed. The

threshold damage level for circular tubes loaded quasi-statically was 1.5] of impact

energy. For dynamic loading, an impact of 37 for the 2mm wall thickness samples

and 97 for the 4mm wall thickness samples lead to unstable failure.

The impact damage threshold of 3J for square tubes tested quasi-statically is twice

that seen in circular tubes. The dynamic threshold level of 9J for the 2mm wall
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thickness samples is again greater than the equivalent circular tube. For the 4mm wall
thickness samples the dynamic threshold appears to be at 6J, but the 9] samples all
show greater damage tolerance than the 6] samples with only a slight drop in SEA

compared to the undamaged samples. Further testing may be required to determine an

absolute threshold level.

The size of damage zone due to an impact at the corner of a square tube is less than
that for the same level of impact on the face of the tube. This is due to the geometric
effects reducing the level of bending. Damage tolerance was greater at the corners of
a square tube, but above the threshold level when the tube failed in an unstable
manner, the drop in load was greater than in a face-damaged sample due to the crack
growth to at least two of the faces removing them uncrushed. Threshold energy levels
for impacts at the corner of the 2mm wall thickness square tubes were 6] quasi-
statically and 9J dynamically. For the 4mm wall thickness samples the threshold
levels were 24] quasi-statically and 30J dynamically and even at 30J the samples only

saw a localised drop in load, not a large drop associated with unstable failure.

The results demonstrate that the axial loading behaviour is highly sensitive to the
combination of in-plane damage and delaminations caused by relatively low energy
out-of-plane impacts. This sensitivity to damage was reduced at dynamic loading
rates and in square samples, especially when damaged at the corners. The axial
position of the damage did not make any difference to the threshold energy levels

observed.

5.4 Interleaves

Interleaves were seen to reduce the SEA levels by 28.6% to 48.0% quasi-statically
and by 18.2% to 29.4% dynamically. Reductions in compressive strength with the
inclusion of interleaves was observed by Sohn et al. [34]. It has been shown that the

presence of the interleaf reduces the coefficient of friction between the sample and the

ground steel crush platen from 0.36 to 0.22. This reduction of friction in the crush

zone will result in a reduction in SEA. Interestingly, the SEA level no longer

decreases with loading rate.
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As the test speed was increased from quasi-static to dynamic the failure mode
changed to include a greater degree of matrix fragmentation, which caused reductions
in SEA of between 5.8% and 17.6% depending on the geometry. The reduction in
SEA for quasi-statically tested samples due to the inclusion of an interleaf was
between 28.6% and 48.0% due to a reduction in the coefficient of friction in the crush
zone from 0.36 to 0.22. Fragmentation is affected less by frictional effects than
splaying and this can account for the SEA increase with rate for samples with interleaf
of between 4.6% and 18.4% rather than a decrease. The reduction in SEA for
splaying samples due to lower frictional effects seems to outweigh the reduction in
SEA associated with the change in failure mode to include more fragmentation. It is
important to note that the dynamic failure mode is still splaying dominated. However,
the increased level of matrix fragmentation seen in dynamically tested samples may

contribute towards this reversal of trends seen with the inclusion of interleaf.

Work by Kim [35] and Masters [36] suggested that the area of damage is less on
specimens with interleaves, but this was not always found to be the case. The
inclusion of the interleaf did however increase the damage threshold of all samples
tested, as it improved the CAI [34-36]. This meant that energy levels of above 9J
were required to cause unstable failure. At these higher energy levels massive areas
of damage were seen. In some cases the area of damage almost enveloped a whole
side of a square sample. In others penetration was seen. Images of these damage

zones are shown in the section 4.1.4.

The interleaf increases the damage threshold from 1.5J to 3J under quasi-static
conditions and from 3J to 6] for the dynamic rate for the 2mm wall thickness circular
samples. With the thicker walled samples there was a similar increase from 1.5J to
12] quasi-statically and from 9J to 15J dynamically. The energy level threshold,
increases from 3J to 9J quasi-statically with the inclusion of an interleaf, and from 9J
to over 15J at impact rates for square samples with 2mm wall thickness. For the 4mm
samples the threshold levels increased from 3] to around 27J quasi-statically and from

6J to above 27J dynamically. By increasing the wall thickness and adding an interleaf
it was possible to increase the damage tolerance of this composite energy absorber by

a factor of 9.
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Again a smaller damage zone is produced for a given impact at the corners when
compared to an impact on the face of the square tubes. Threshold energy levels for
impacts at the corner of the 2mm wall thickness square tubes increased from 6] to 12]
quasi-statically and from 9J to between 9 and 15] dynamically (between 9J and 157 all
sets of tests exhibited a mixture of stable and unstable failure modes). With a 4mm
wall thickness the quasi-statically tested samples exhibit a reduction in load, but no
unstable failure for samples tested with an 18] and a 24 impact. Dynamically, the
samples without interleaf start to exhibit a slight drop in load at about 24J, which is

not observed 1n interleaved samples.

For samples without interleaf increasing the test speed from quasi-static (Smm/min) to
dynamic (5m/s) caused a reduction in SEA regardless of specimen geometry.
However, the dynamically tested samples showed improved damage tolerance,
requiring larger energy impacts before failing in an unstable manner when crushed.
Samples tested dynamically and samples with interleaf crush at a load which is a
lower percentage of the ultimate compressive load of the material than quasi-statically
tested samples and samples without interleaf. This means that a greater stress
concentration in the form of a larger impact is required to cause unstable failure

giving rise to greater damage tolerance.

By including the interleaf it is possible to increase the damage tolerance of the tubes,
but it is at the expense of a drop in energy absorption. This is due to the reduced
coefficient of friction in the crush zone. The reduced coefficient of friction also
causes a smoother load vs displacement trace due to less stick-slip effect in the crush

zone.
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6 Conclusions

The aim of this project was to consider the effect of damage on the energy absorption
potential of continuous filament random mat (CoFRM) E-glass / polyester composite
tubes under axial loading. Damage was induced in three ways: drilled holes,
Melinex® inserts moulded into the samples to provide a zone of delamination, and
impact damage of various energy levels imparted using a hemispherical tup on an
instrumented falling weight machine.  Circular and square section samples were
tested to see whether part geometry affected the energy absorption and damage
tolerance of the composite tubes. The wall thickness of the tubes was varied from
2mm to 4mm for both test geometries. Samples were tested both quasi-statically and
dynamically. The dynamic tests provide a more realistic loading condition, better
simulating the conditions the parts will see in operation. Having observed the failure
modes and damage tolerance of the tubes under various testing parameters it was
important to look at ways of improving the damage tolerance of the samples. One

method investigated was to include an interleaf at the preforming stage.

The 2mm wall thickness circular tubes tested quasi-statically absorbed 74.5kJ/kg.
Square samples absorbed on average 21% less energy than the circular samples quasi-
statically. Dynamically the decrease in SEA is 31% for the 2mm wall thickness
samples and 16% for samples with a 4mm wall thickness. The reduction in SEA seen
by the square samples was due to geometric stress raisers at the corners leading to

through thickness failure, which left the fronds less constrained allowing them to

splay at a lower load.

Increasing the wall thickness (and hence t/D ratio) increased the SEA of the tubes.
This could be attributed to a stabilising effect in the crush zone with a better defined
debris wedge at the centre of the 6-ply composite, compared to the 3-ply thinner

samples.

Quasi-statically tested samples absorb more energy than dynamically tested samples.

Decreases were in the order of 6 - 18%. This is attributed to the viscoelastic nature of

the matrix. The mode of failure is unchanged in dynamically tested samples, but a

126



Chapter 6: Conclusions

greater degree of matrix fragmentation at the higher test speed will leave the load
bearing fibres less well constrained and able to bend further before fracturing. This
means that there is less fibre fracture and therefore the samples are unable to absorb
the levels of energy seen under quasi-static loading. Tests were only carried out at

one quasi-static and one dynamic test rate and it would be necessary to conduct

further tests to establish how the SEA was affected at higher test speeds.

Damage, in the form of a hole, a delamination, or an impact will, below a certain
damage level have no effect on the progressive crush mode and SEA of a sample.
Above the threshold level the damage zone provides a high enough stress
concentration to cause a compressive failure to be seen. In the samples with
delaminations this was seen to be in the form of local buckling. The failure is
initiated at the damage zone, with a crack forming and then propagating around the

tube. This leads to a reduction in the SEA of the sample.

There are typically two levels of reduction in SEA. The first type of failure is
generally seen above the threshold level where the crack is initiated at the damage
zone away from the crush front. The crack then propagates around the tube bisecting
it causing a large drop in load. The load taken only recovers to the mean crush load
once at least one of the bisected halves has two surfaces of the sample are in contact
with the top and bottom crush platens. This caused the greatest reduction in SEA.
The second type of failure is seen at the threshold damage level. The crack is initiated
by the interaction between the crush zone and the damage zone causing further
weakening and leads to a localised reduction in load as the crack gets engulfed before
bisecting the tube. The direction of the crack growth associated with this type of

failure is typically down to the crush zone rather than circumferentially.

For the material tested, relatively small hole sizes (Smm) can cause unstable failure to
occur, although it has been shown that the damage tolerance of the material increases
(to 10mm) at higher test rates (Sm/s). At the threshold hole size the dynamically
tested samples saw only a localised drop in load in the vicinity of the hole. A hole

away from the crush front would have no effect on the SEA.
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Large delaminations, in the form of Melinex® inserts up to 1.5 times the diameter of
the tube, can be tolerated by circular samples with only a slight drop in load at the
position of the insert. The inserts only caused unstable failure in square samples with
a 2mm wall thickness tested quasi-statically. This occurred due to localised buckling

in the region of the insert. It has been shown that square samples are more susceptible

to buckling than circular samples.

It has been shown that low levels of impact energy (1.5] — 3J) can cause unstable
failure in these composite samples when tested quasi-statically leaving them unable to
absorb the energy levels to their potential. Dynamically, the energy levels required to
cause unstable failure are still low (3] — 9J), but it is significant that there is improved

damage tolerance for this composite at a higher test speed.

Thicker samples are more damage tolerant. They will exhibit a smaller area of
damage caused by a given out of plane impact, and will require a higher energy level

impact before an unstable failure of the structure occurs under compressive loading.

The square samples, which may be easier to incorporate into vehicle design, were
seen to require twice the energy level of a circular tube, from an out of plane impact,
to reach the threshold damage level. This doubling rule of impact energy required to
cause unstable failure may only be applicable because the levels involved are low.
When the threshold level for square tubes was reached, the drop in load experienced
due to unstable failure is less than that observed in circular tubes. The cracks that are
initiated at the damage zone in square samples are often arrested at the adjacent
corners of the tube. This results in a smaller section of the sample being removed
uncrushed than if the crack had propagated around the whole perimeter of the tube, as
was seen in the cylindrical samples. Therefore a smaller reduction in SEA is
experienced than for cylindrical tubes. The corners of square samples are able to
absorb higher levels of out-of-plane impact than faces before unstable failure occurs
during compressive testing. With the 4mm wall thickness parts an impact energy

level of 24 — 30J on the corner of the tube is required to cause unstable failure,

whereas 3 — 12J is required on the face of the tube. It would be important to test the

damage tolerance of full scale vehicle parts, but this work suggests that the laboratory
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scale tests are likely to show a worst case scenario with the thicker specimens being

more damage tolerant.

The introduction of an interleaf in the samples caused the SEA to decrease by
between 28.6% and 48.0% quasi-statically and between 18.2% and 29.4%
dynamically. This is attributable to a reduction in the coefficient of friction in the
crush zone. The coefficient of friction between the ground steel crush platen and the
sample reduced from 0.36 to 0.22 with the inclusion of an interleaf. This reduced the

stick-slip in the crush zone and brought about a smoother load response.

Interleaved samples absorb more energy dynamically than quasi-statically, which is
the opposite trend to samples without interleaf. This could be attributed to the mode
of failure seen by the samples tested at different rates, with fragmentation being less
affected by the reduction in friction in the crush zone than splaying. This is unlikely
to be the only factor affecting the energy absorption of the samples with interleaf

tested at the different rates.

The circular tubes with interleaf did not exhibit an increase in SEA with wall
thickness, but a slight decrease. A possible explanation for this is that the thicker
circular samples absorbed the highest energy levels of all geometries tested. The
failure mode that absorbs the most energy is splaying. This failure mode is the most
affected by the reduced coefficient of friction, so samples with the highest SEA values

will be affected the most by the reduced friction in the crush zone.

Samples with interleaf were more damage tolerant than samples without interleaf, by

up to 9 times. This improved damage tolerance comes at the price of SEA, which was

seen to decrease by between 18% and 48%.

The ultimate compressive stress (UCS) of the samples increases by between 25 - 57%

with increased test speed. The mean crush load of the samples is seen to decrease

with test speed by between 6 and 18%. The mean crush load of some samples is

therefore a lower percentage of the ultimate crush load than others. By looking at

how this relates to the damage tolerance of all the samples tested it is clear that the

more damage tolerant samples crush at a lower proportion of the ultimate crush load
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of the material and therefore require a greater stress concentration to cause ultimate
compressive failure, and are therefore more damage tolerant. This hypothesis fits for
all the trends shown with increased damage tolerance observed as test speed
increased, wall thickness increased, sample geometry was changed from circular to
square and interleaf was included in the samples. Other factors, such as inertia and

material damping may also influence the damage tolerance due to rate effects.

By incorporating the work from this thesis into the design of a crash structure it will
be possible to manufacture a part that is tolerant to the levels of accidental impact
damage seen in operation. Then, in the event of a crash situation, there is no doubt
that the part will absorb the energy levels it was designed to. If a crash structure were
designed using all the means of improving damage tolerance observed in this thesis a
concept part would be square, t/W >0.13, and with interleaves between the plies.
Ideally it would be orientated so that all four sides of the part were at 45° to the road
surface. This would mean that any stone coming up off the road, or any object being
dropped on the structure would be more likely to hit a corner. By knowing the
damage tolerance of a part there is less of a requirement to over design a structure and

can therefore lead to a weight reduction of the vehicle.

This work was conducted on laboratory scale tubular samples. It is therefore
important to do further testing on automotive scale crash structures. The structures
tested exhibited lower SEA capability and greater damage tolerance at dynamic test
rates. However, further testing at higher test speeds are required to see whether these
trends continue. By using interleaves between plies it was possible to improve the
damage tolerance of the structures but this was at the expense of SEA performance. It

is therefore important to investigate other means of improving damage tolerance that

do not reduce SEA to the same extent.
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9 Appendix 1 - Load vs Displacement Results

9.1 Rate Effects
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Figure 1: Quasi-Statically and Dynamically Tested Circular Tube Results
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Figure 2: Quasi-Statically and Dynamically Tested Square Tube Results
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9.2 Holes

9.2.1 Hole Size
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Figure 3: Quasi-Static Results for Circular Tubes (t=2mm) with Holes
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Figure 4: Dynamic Results for Circular Tubes (t=2mm) with Holes
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Figure 5: Quasi-Static Results for Circular Tubes (t=4mm) with Holes
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Figure 6: Dynamic Results for Circular Tubes (t=4mm) with Holes
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Square (t=2mm) on Face
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Figure 7: Quasi-Static Results for Square Tubes (t=2mm) with Holes on the Face
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Figure 8: Dynamic Results for Square Tubes (t=2mm) with Holes on the Face
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Square (t=4mm) on Face
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Figure 9: Quasi-Static Results for Square Tubes (t=4mm) with Holes on the Face
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Figure 10: Dynamic Results for Square Tubes (t=4mm) with Holes on the Face

144



Chapter ¥: Appendix 1 — Load vs Displacement Results

Square (t=2mm) on Corner
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Figure 11: Quasi-Static Results for Square Tubes (t=2mm) with Holes in the
Corner
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Figure 12: Dynamic Results for Square Tubes (t=2mm) with Holes in the Corner
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Square (t=4mm) on Corner
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Figure 13: Quasi-Static Results for Square Tubes (t=4mm) with Holes in the
Corner
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Figure 14: Dynamic Results for Square Tubes (t=4mm) with Holes in the Corner
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9.2.2 Hole Position — Axially
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Figure 15: Quasi-Static Results for Circular Tubes (t=2mm) with Holes
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Figure 16: Dynamic Results for Circular Tubes (t=2mm) with Holes Positioned

Axially along Tube
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Circular (t=4mm)
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Figure 17: Quasi-Static Results for Circular Tubes (t=4mm) with Holes
Positioned Axially along Tube
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Figure 18: Dynamic Results for Circular Tubes (t=4mm) with Holes Positioned
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Square (t=2mm) on Face
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Figure 19: Quasi-Static Results for Square Tubes (t=2mm) with Holes Positioned
Axially along the Face of Tube
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Figure 20: Dynamic Results for Square Tubes (t=2mm) with Holes Positioned
Axially along the Face of Tube
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Square (t=4mm) on Face
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Figure 21: Quasi-Static Results for Square Tubes (t=4mm) with Holes Positioned
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Figure 22: Dynamic Results for Square Tubes (t=4mm) with Holes Positioned
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Square (t=2mm) on Corner
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Figure 23: Quasi-Static Results for Square Tubes (t=2mm) with Holes Positioned
Axially along the Corner of Tube
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Figure 24: Dynamic Results for Square Tubes (t=2mm) with Holes Positioned
Axially along the Corner of Tube
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Square (t=4mm) on Corner
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Figure 25: Quasi-Static Results for Square Tubes (t=4mm) with Holes Positioned
Axially along the Corner of Tube
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Figure 26: Dynamic Results for Square Tubes (t=4mm) with Holes Positioned
Axially along the Corner of Tube
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9.2.3 Multiple Holes
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Figure 27: Quasi-Static Results for Circular Tubes (t=2mm) with Multiple Holes
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Figure 28: Dynamic Results for Circular Tubes (t=2mm) with Multiple Holes
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Circular (t=4mm)
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Figure 29: Quasi-Static Results for Circular Tubes (t=4mm) with Multiple Holes
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Figure 30: Dynamic Results for Circular Tubes (t=4mm) with Multiple Holes
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Square (t=2mm)
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Figure 31: Quasi-Static Results for Square Tubes (t=2mm) with Multiple Holes
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Figure 32: Dynamic Results for Square Tubes (t=2mm) with Multiple Holes
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Square (t=4mm)
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Figure 33: Quasi-Static Results for Square Tubes (t=4mm) with Multiple Holes
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Figure 34: Dynamic Results for Square Tubes (t=4mm) with Multiple Holes
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9.3 Melinex Inserts
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Figure 35: Quasi-Static Results for Circular Tubes (t=2mm) with Melinex Inserts
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Figure 36: Dynamic Results for Circular Tubes (t=2mm) with Melinex Inserts
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Figure 37: Quasi-Static Results for Square Tubes (t=2mm) with Melinex Inserts
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Figure 38: Dynamic Results for Square Tubes (t=2mm) with Melinex Inserts
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94 Impact Damage

9.4.1 Damage Levels
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Figure 39: Quasi-Static Results for Circular Tubes (t=2mm) with Impact
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Figure 40: Dynamic Results for Circular Tubes (t=2mm) with Impact Damage
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Circular (t=4mm)
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Figure 41: Quasi-Static Results for Circular Tubes (t=4mm) with Impact
Damage
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Figure 42: Dynamic Results for Circular Tubes (t=4mm) with Impact Damage
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Square on Face (t=2mm)
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Figure 43: Quasi-Static Results for Square Tubes (t=2mm) with Impact Damage

on the Face
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Figure 44: Dynamic Results for Square Tubes (t=2mm) with Impact Damage on
the Face
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Square on Face (t=4mm)
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Figure 45: Quasi-Static Results for Square Tubes (t=4mm) with Impact Damage
on the Face
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Figure 46: Dynamic Results for Square Tubes (t=4mm) with Impact Damage on
the Face
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Square on Corner (t=2mm)
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Figure 47: Quasi-Static Results for Square Tubes (t=2mm) with Impact Damage
at the Corner
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Figure 48: Dynamic Results for Square Tubes (t=2mm) with Impact Damage at
the Corner
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Square on Corner (t=4mm)
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Figure 49: Quasi-Static Results for Square Tubes (t=4mm) with Impact Damage
at the Corner
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Figure 50: Dynamic Results for Square Tubes (t=4mm) with Impact Damage at
the Corner
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9.4.2 Damage Position — Axially
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Figure 51: Quasi-Static Results for Circular Tubes (t=2mm) with Impact
Damage at 4Smm
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Figure 52: Dynamic Results for Circular Tubes (t=4mm) with Impact Damage at
45mm
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Figure 53: Quasi-Static Results for Circular Tubes (t=4mm) with Impact
Damage at 45Smm
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Figure 54: Dynamic Results for Circular Tubes (t=4mm) with Impact Damage at
45mm
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Square on Face (t=2mm)
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Figure 55: Quasi-Static Results for Square Tubes (t=2mm) with Impact Damage
at 45Smm along the Face
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Figure 56: Dynamic Results for Square Tubes (t=2mm) with Impact Damage at
45mm along the Face
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Square on Face (t=4mm)
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Figure 57: Quasi-Static Results for Square Tubes (t=4mm) with Impact Damage
at 45Smm along the Face
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Figure 58: Dynamic Results for Square Tubes (t=4mm) with Impact Damage at
45mm along the Face
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9.5 Interleaf

9.5.1 No Damage - Rate Effects
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Figure 59: Quasi-Statically and Dynamically Results for Circular Tubes with
Interleaf
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Figure 60: Quasi-Statically and Dynamically Results for Square Tubes with
Interleaf
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9.5.2 Damage Levels
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Figure 61: Quasi-Static Results for Circular Tubes (t=2mm) with Interleaf with
Impact Damage
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Figure 62: Dynamic Results for Circular Tubes (t=2mm) with Interleaf with
Impact Damage
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