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Abstract

Tubes of glass reinforced thermosetting resins have been tested in axial compression
between steel platens with one end chamfered to prevent critically high loads causing
catastrophic centre failure. By testing in such a manner these tubes crush in a
progressive and controlled manner, and are capable of exhibiting high levels of energy
absorption, particularly when related to the material mass involved. Polymers are
known to display viscoelastic behaviour and polymer composites are similarly
sensitive to test speed and temperature. Energy absorption in tube crushing has been
shown to be speed and temperature sensitive and the purpose of this project has been
to understand the variability of the energy absorption and the associated mechanisms.

The main aim has been to show how the two variables interrelate.

The materials used have been produced by hot rolling of pre-preg cloth or by
resinjection into closed moulds. Reinforcement has consisted of woven glass cloth or

random glass mat; matrix materials have been epoxy and polyester resins.

Trends to higher values of specific energy absorption with increasing speed have been
observed for epoxy matrix tubes, while polyester matrix tubes have shown less certain
trends and give lower values of specific energy absorption at high speeds. All the
tubes have shown a rapid drop in specific energy absorption with increasing
temperature above normal room temperature, with changes in crush mode being very
apparent. At temperatures in excess of about 100 °C the tubes have failed by centre
buckling, the transition temperature from normal crushing to buckling being sensitive

to the crush speed.

The interrelation between speed and temperature effects has been examined. Three

factors that prevent simple interrelation have been identified; these are inertial effects
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of crush debris, residual stresses in the hoop direction of the tube and frictional
heating in the crush zone. Speed sensitivity of the energy absorption has been
determined over a range of temperatures and various features of these responses

related to the responses of the material properties.

Frictional temperature rises have been modelled mathematically and the predictions

have been shown to be reasonably consistent with experimental measurements. These
temperature rises have been shown to be important in determining the speed sensitive
behaviour of the energy absorption levels, particularly for polyester resin matrix tubes

tested at high speeds.
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Symbols

0°: axial fibres

90°: hoop fibres

a: acceleration

c: constant, load fraction borne by the fronds
d: constant

dy/dt: testing speed

f: tongue deflection, flexural

k: Boltzmann's constant, fraction of load by non frictional mechanisms, thermal
conductivity, reaction rate constant

I: tube length, length

lc: length of crush

m: slope

m/l: mass per unit length

n: element number, number of elements
r: radius

t: wall thickness, glass cloth thickness, thickness
tan(0): loss tangent

u: initial velocity

v: speed, velocity

v fibre volume fraction

w: wedge width

x: distance

X¢: length of material involved in a crush
A: constant

Cp: specific heat capacity

CSM: chopped-strand-mat

D: tube diameter

DMA: dynamic mechanical analyser
DSC: differential scanning calorimeter
E: Young's modulus, epoxy resin, energy
Es: specific energy absorption

F: crush load, force
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FEM: finite element modelling

Fo: Fourier number

FWP: frond:wedge:platen

Gy: strain energy release rate

Gl: glass fibres

Gr: graphite fibers (carbon fibres)
ILSS: interlaminar shear strength

K: Kevlar fibres

K: stress intensity factor

L: longitudinal

M: mass

N: layer number, number of layers

OD: outer diameter

P: local crush load, polyester resin
PET: polyethylene terephthalate

PTFE: polytetrafluoroethylene (Teflon)
R: random glass mat, force, residual, universal gas constant, measure of line fit
R.: crush ratio

RJ: resinjection

S: constant

SHPB: split Hopkinson pressure bar
SMC: sheet moulding compound

T: transverse, temperature

T,: glass transition temperature

V: volume

W: tube width

W: woven glass cloth, weave repeat distance
WLF: Williams-Landel-Ferry

XMC: unspecified moulding compound
o thermal diffusivity

a,P,y: relaxation peaks

0: crack opening displacement

Ox: movement of the crush platen
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: strain

ez}

€ : strain rate
: specific density, wedge semi angle

: shear strain

¢

Y

A: speed sensitivity
w: coefficient of friction

v: Poisson's ratio

0: winding angle, chamfer angle, wedge semi angle
p: density

O: tensile stress

T: shear stress, time

A: change in property

AF: serration of crush trace

AH: activation energy

At: linear dimension

AT: time interval

2 specific crush stress

Superscript

" plane strain, polished platen

Subscripts

1,2: as appropriate

2: internal

a: arrest, after, arc

b: bend

bb: bounce back

c: crush, critical, composite, curvature
d: debris

e: external, element

f: frictional, fibre

fp: frond-platen

Page x



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

h: hoop, horizontal

he: hoop external

hi: hoop internal

1: internal, impact, initiation, initial, interface
in: inertial

I: longitudinal, layer

m: mean, non frictional, matrix

n: element number, layer number, number of layers
0: outer

p: time

t: tensile, total, transition

v: vertical

W,w: wedge

wf: wedge-frond

y: yield

EX: external

IN: internal

Brackets

[ ]: reference numbers, fibre lay-up
{ }: figure numbers

(): all other uses of brackets

Page xi



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

Acknowledgements
There are many people that I would like to thank for their help throughout this project,
in particular:
Professor D. Hull, for general supervision and advice,
Dr. J.C. Copolla, for general help and encouragement,
Messrs: W.R. Broughton, A.D. Lowe, C.A. Stanford-Beale, D.A. Williams and the
misses: T.M. Jennings and X-N Huang for help, encouragement and tolerating my
sense of humour,
Mr. D.G. Pafitis for help and toleration and for proof-reading much of this thesis,
Drs. A.H. Fairfull and J.N. Price for their help during the first year of the project,
Dr. M. Kumosa for seemingly unlimited feedback,
Mr. B. Barber for photographic help,
Mr. R. Fella for help with microscopy and relevant preparation,
Mr. M.J. Free for help with material and test-piece preparation,
Mr. T.G. Whitworth for help with testing machines,
the Science and Engineering Research Council for financial support in the form of a
Quota award,
Mr. G.L. Skidmore for computing help and advice and constant support,
Miss A. Salway for helping me through a very bad time,
Messrs: P.A. Jackson and G.D. Hine for frequent discussions and encouragement,
Mr. D.G. Hay for tolerating my presence in the same house for three years,
Dr. B.R. Martin of Emmanuel College for allowing a college transfer,
Messrs. E.M. Rowbotham of Ford U.K. and J. Baldwin of the S.E.R.C. for continuing
interest throughout the project,
Mr. R. Murchie of Ford U.K. for the introduction of new concepts,
Scott Bader, Tufnol, Fibreglas, Ciba-Geigy, Moore Plastics and Ford Motor Company
for suppling test materials,
Apple computers for inventing the Macintosh,

Beryl and Doris for being wonderful,

Page xii



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

Ms. B. Rolfe for access to scanning hardware,

Mrs. M. Tissot for printing help and being there to talk to,

all the other members of the Department of Materials Science and Metallurgy of the
University of Cambridge and those of Emmanuel College, in particular the EBC,
the students and Union of the Imperial College of Science and Technology, without
whom I would probably not have undertaken this research,

and last but by no means least, my family for constant help, support and
encouragement throughout my three years in Cambridge and in particular during the

time that I have been writing in Portsmouth.

Page xiii



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

1 Introduction

1.1 Impact Energy Absorption

There are many circumstances in which kinetic energy must be absorbed and many
ways of achieving this. These ways can be divided into two main categories, repeated
use and once only [1-3]1. Examples of the former category include: the hydraulic
shock absorbers in a car's suspension system, buffers on railway rolling stock and the
arrester landing device on aircraft carrier flight decks. Those in the latter category
exist as safety devices in case of an unforeseen impact and may be found, for instance,

in the front and rear structures of cars and in helicopter sub-floor structures.

Repeated use energy absorbers generally rely on hydraulic damping by forcing a
viscous liquid through restricting holes; thus converting the kinetic energy into heat
which can be dissipated readily. Pneumatic bag shock absorbers also fall into this
category. Once-only energy absorbers rely on structural collapse of a component to

absorb energy.

A good example of once only energy absorption is in the front and rear structures of
cars. These are designed to collapse under impact, such that the kinetic energy of the
vehicle is dissipated, and the passenger compartment is brought to rest without the
occupants being subjected to high decelerations which can cause serious internal
injury, particularly brain damage {figure 1.1}. Current legislation requires that
vehicles should be designed such that, in the event of an impact of the vehicle at
speeds up to 30 mph with a solid, immovable object, the occupants of the passenger
compartment must survive uninjured. The specific requirement is that the upper

thorax of a belted passenger must not experience a net deceleration greater than

600 m s72 or about 60g [4]. Other examples of crashworthiness legislation include

those from FISA, motor racing's governing body, where the front end of a car must be
able to survive an impact with a 780 kg mass moving at 10 m s™! [5], and US

helicopter requirements of safely surviving a descent, under no power, of 15m s7! [6].

IReferences are listed at the end of chapter 10. In the text they are denoted by numbers in square
brackets.
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From the laws of motion, to provide a constant level of deceleration of the passenger
compartment, there must be a constant level of resisting force exerted on the
compartment, thus the ideal energy absorber would collapse with a square wave force-

displacement characteristic {figure 1.2}.

1.2 Current Methods

The current method of absorbing impact energy in cars is to design the front and rear
metallic structures such that they collapse by progressive folding [1,7]. This form of
collapse provides a good level of energy absorption but the form of the force-
displacement response is not a close approximation to the ideal square wave form,
with large peaks and troughs corresponding to the various stages of the formation and

propagation of the folds {figures 1.3 and 1.4}.

1.3 Composite Materials

For some time there has been considerable interest in using fibre reinforced composite
materials in many applications where material mass is an important consideration
[7,8]. Automotive and aerospace structures are examples of such applications.
Composite materials offer several advantages over metals for the automobile designer
along with weight reduction, particularly corrosion resistance, near net shape
formability of components and part integration, where several metal components that
were previously bolted together can be replaced by a single component. These
advantages have meant that the amount of composites that have been used in transport
applications has greatly increased in recent years, although apparently some car
designers have not yet heard of composite materials despite growing public awareness
of their existence and properties [9,10]. One estimate of European consumption of
composites in land transport applications for 1985 was 152 000 tonnes [11] and
predictions for 1995 give a four fold increase in the use of plastics in automotive
applications, a large proportion of which will be in the form of fibre reinforced
plastics [12]. Another figure for 1985 gave transport as accounting for 17.8% of the
U.K. market for glass reinforced polyester resins [13]. There is also considerable
interest in using composites in railway rolling stock, particularly in the high speed
Inter-City trains, which currently incorporate polymer composites that account for

about 8% of vehicle weight [ 14].
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While there is much work being carried out looking at directly replacing metal
components with composites, potential advances are possible by completely
redesigning the components to take advantage of the special properties of composite
materials. An example of both approaches is in automotive suspension systems. While
direct replacement of metal leaf springs by composites has been achieved for various
vehicles [15,16], it has been possible to design systems such that the elastic response
of the springs is different in different planes, so that the response of the spring can be

tailored to that desired by the system [15].

While composites have many advantages for the designer, they also have several
disadvantages such that their universal employment has not been immediate. Current
disadvantages of composite materials include: difficulty of incorporation into mass
production processes, inferior fire resistance of some composites when compared to
metals and difficulties of disposal of components at the end of service life. One of the
main current problems is the production time, as current materials and methods call
for a process time of about three to four minutes which is at the upper limit of
viability for automotive production [8]. Resin chemistry and production methods are

being improved to overcome the problems.

The requirement of being able to absorb energy has led to work being carried out in
this area with a view to using composites. Early work showed that the amount of
energy absorbed per unit mass of material involved for crushed composite tubes,
could greatly exceed that for steel components [1,2,8,17]. Composites also have the
advantage over metals for energy absorbers that their force-displacement response
during crushing gives a better approximation to the ideal square wave of figure 1.2
{figure 1.5}. An example of the ability of composites to provide life saving protection
from the effects of a high speed impact, happened in the 1989 San Marino Grand Prix;
Gerhard Berger, driving for Ferrari, hit a wall at about 240 kilometres per hour but
survived, partly because of the use of composites in the car construction [5]; similarly,

Nelson Piquet, then with Williams, survived a crash at the same track in 1987.

1.4 Calculation of Specific Energy Absorption

The specific energy absorption of a component can be defined as the amount of

energy absorbed per unit mass of the absorber involved [18]. For buckling metallic
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components, the amount of material involved is greater than that contained in the
distance over which the energy is absorbed as the metal buckles ahead of the
compression front, so the concept of a crush ratio, R¢, must be introduced, being the
amount of material involved in absorbing the energy divided by the amount of
material contained in the energy absorption distance for an uncrushed component

{figure 1.3}. The specific energy absorption, Eg, is then given by:

F
= Ro(m/D) (1.1

Es

where F is the mean crush load and m/l the mass per unit length of the energy
absorber. For a component of constant mass per unit length, for instance a tube of
constant cross-sectional area, the crush ratio can be given by the relative lengths

involved. The crush ratio will then be given by:

Xc

Re=1 (1.2)

where X, is the length of material involved and I is the crush distance, as illustrated in

figure 1.3. For metallic components the crush ratio is always greater than unity, but
for composites it is generally sufficiently close to unity to be disregarded. In most of
the composite work, trends in the crush load may be taken to be trends in specific
energy absorption, unless the mass per unit length is changing as a function of the
variable under consideration, for instance the tube wall thickness or the fibre volume

fraction.

One point that should be made concerns compaction of debris within a closed ended
tube. If half of the crushed material moves to the inside of the tube and stays as a ring
of internal debris, a situation that has been observed frequently, then once half of the
tube has crushed, the internal debris will start to compact against the closed end and
the crush load will rise. If compaction is to be avoided then the maximum tube length
usable will be half of the original tube length, giving a crush ratio of 2 and halving the

real value of specific energy absorption. However, most of the work published to date
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has ignored this effect and has concentrated on the energy absorption in the crush
zone alone. The problem may be overcome using an open ended tube but this could
give mounting problems for an in-service component. However, the increase in crush
load from internal debris compaction may be advantageous and may be utilised by

suitable design; generally, this problem has been disregarded.

Most of this work has involved the utilisation of specific energy absorption in this
way, although many of the results obtained have been quoted in terms of the specific
crush stress to eliminate the use of the crush ratio. The specific crush stress and the

appropriate units are discussed in section 4.1.
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Passenger
compartment

Front crumple zone Rear crumple zone
Figure 1.1 Side elevation of a car showing the front and rear crumple zones [1-3].

Force

Displacement

Figure 1.2 Ideal force-displacement characteristic for energy absorption [2].
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Figure 1.3 Metal tube displaying a buckling collapse mode [1].
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Figure 1.4 Typical force-displacement trace from a buckling metallic component [1].
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FORCE

10 kN

DISPLACEMENT 5 mm

Figure 1.5 Typical force-displacement response for a composite tube subjected to

axial crushing.

Page 8



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

2 Literature Review

This review has been divided into two main sections, energy absorption and
mechanical properties of the materials. There is some overlap, particularly in section
2.1.3.2.2, but this overlap is only where material property work has been carried out in

conjunction with the energy absorption work as a direct comparison.

2.1 Energy Absorption

The energy absorption section of the review has been divided into two main sections,
the first dealing with general trends in energy absorption levels and the second with

the mechanisms of energy absorption.

The calculation of specific energy absorption was discussed in section 1.4; however,
the various workers in this field have used different ways of quoting this value, hence
the presentation of the results in this review section can appear inconsistent,
particularly when considering the figures. There have been three main groups working
in this field: Liverpool and Cambridge Universities, under the guidance of Professor
D. Hull; Ford Motor Company, Dearborn, Michigan, led by Dr. P.H. Thornton and the
National Aeronautics and Space Administration of the U.S.A, led by Mr G.L. Farley.

The Liverpool and Cambridge results have been presented as Specific Energy

Absorption using the notation Eg and the units kJ kg~!, the Ford results have been
presented as simply Specific Energy, using the same units while the NASA results

have been presented as the Specific Sustained Crushing Stress with the units of

N m g1, which is the same as kJ kg!. For the purposes of this review there is no

difference between the different presentations of the results.
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2.1.1 Centre Failure

Some early work on composite tubes in compression concentrated on avoiding end
effects in filament wound glass-polyester tubes by reinforcing the ends of the tubes
with extra winds of glass filaments [19,20]. These tubes failed catastrophically by
centre failure and interpenetration with a high initial peak load followed by a low
post-failure load and, consequently, low energy absorption {figure 2.1}. Work on

square-ended pultrusions with no end reinforcement showed similar behaviour.

Work on glass cloth-epoxy tubes showed that tubes without end reinforcement could
give a different mode of failure [20]. Rather than centre failure, end failure could
occur giving a much higher post failure load carrying capacity, thus a higher energy
absorption capability {figure 1.5}. This mode of collapse was not obtained reliably

and centre failure could occur unpredictably.

2.1.2 Crushing with a Trigger

At an early stage it was found that it was possible to avoid the high peak loads which
led to catastrophic centre failure, by providing a stress concentrator at one end of the
tube. Thornton [17] showed that a bevel on one end of the tube provided such a stress
concentration and found that the tubes failed by progressive crushing, giving a high
level of energy absorption {figure 2.2}. With this type of progressive failure, a good
approximation to the ideal square wave for the force-displacement trace could be
achieved {figures 1.2 and 1.5}. Tubes made of fibre reinforced composite materials
which collapsed in this manner were shown to be capable of absorbing more energy

per unit mass than comparable metallic tubes which collapsed by buckling (typically

60 kJ kg~! compared to 25 kJ kg~! for metallic tubes) [8].
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2.1.3 Effect of Specimen Variables

Six main specimen variables have been considered, these can be divided into material
variables and structural variables. The former category includes the fibre and matrix
type, the fibre volume fraction and the fibre arrangement. The latter includes the

specimen geometry and size.

2.1.3.1 Fibre Type

Three main types of fibre reinforcement have been studied, these were glass, carbon
and Kevlar. Most of the work concentrated on glass fibres in various matrix materials.
Carbon and Kevlar fibres have only been studied in epoxy resin matrices. Some other
fibres have been studied including nylon, Dyneema and terylene, but little information
is available for these tubes [20-23]. Some work has been carried out on hybrid fibre
composites but they have not shown any improvement over tubes manufactured using

only one type of fibre [22,24,25].

Early work on different fibres was carried out by Thornton [17] and showed that both
glass and carbon fibre reinforced tubes when progressively crushed could give a close
approximation to the ideal square wave form for energy absorption by progressive
crushing {figures 1.1 and 1.5}. Kevlar fibre reinforced tubes were also studied in this
investigation and were found to fail by buckling, resulting in an unfavourable force-
displacement characteristic {figure 2.3}. This work showed that carbon fibre
reinforced epoxy tubes gave the best values for specific energy absorption. Further

work by Thornton and Edwards [24] confirmed this observation.

A comparison of Kevlar, carbon and E glass fibres was carried out at the University of
Liverpool [25]. Kevlar-epoxy tubes were much less effective in absorbing energy than

carbon-epoxy or E-glass-epoxy tubes with similar lay-up, absorbing only 40% of the
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energy per unit mass. Differences in behaviour observed between this work and that

by Thornton [17] were probably because of differences in the fibre lay-up.

Similar work was performed by Farley [26] who also concluded that the carbon-epoxy
system was the most promising with respect to specific energy absorption. This work
showed little difference between the energy absorption capability of glass and Kevlar
fibre reinforced tubes. This work also showed that the sensitivity of the energy
absorption to the fibre arrangement was dependent on the fibre type (see section

2.1.3.3.1, figure 2.11).

A systematic investigation into the effect of different fibre properties was carried out
by Farley [27]. This work was performed by testing tubes manufactured using two
different types of carbon fibre with different strains to failure, in common epoxy resin
matrices. The tubes incorporating the higher strain to failure fibres gave higher values
of energy absorption, although this finding appeared sensitive to the fibre arrangement
and matrix material {figure 2.4}. A combination of a high strain to failure fibre,
combined with a low strain to failure matrix resulted in a low value of energy

absorption because of a change in the failure mode.

The effect of the fibre stiffness was studied by Farley [28] for carbon-epoxy tubes. It
was found that the energy absorption decreased rapidly with increasing fibre Young's
modulus between 200 GPa and about 350 GPa. Above this value of fibre Young's
modulus, the energy absorption appeared largely insensitive to the fibre stiffness,
although the actual behaviour was dependent on the fibre arrangement {figure 2.5}.
The fibres used in this study had very different strains to failure, so an interpretation

of the effect of fibre stiffness alone was not valid. A conclusion was reached that
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energy absorption was less sensitive to the fibre stiffness than to the fibre strain to

failure.

A series of tests on carbon, Kevlar and glass fibres in an epoxy resin matrix was
performed by Schmueser and Wickliffe [29]. It was found that the energy absorption
of a carbon-epoxy tube was 50% higher than that of a similar Kevlar-epoxy tube
while that for a glass-epoxy tube was about 30% lower than for the Kevlar-epoxy
tubes. Although not clearly stated, this work appears to have been performed without
any trigger on the tubes and failure modes were unclear, hence, these results could be
of little consequence for understanding energy absorption behaviour. This lack of a
trigger would account for the difference in these observations from those of other

workers.

A comparison of two different chopped-strand-mats (CSMs) in the same polyester
resin was carried out at the University of Liverpool [30]. The two CSMs were
nominally very similar but tubes manufactured using Pilkingtons PB6 absorbed about
20% more energy than tubes manufactured using the same manufacturer's PBS. The
differences between the two CSMs were not recorded but it was concluded that the

difference in energy absorption was due to differences in the glass size and binder.

Work on different diameter glass fibres was carried out by Thornton [31]. This work
was performed using glass-polyester pultrusions with either T-filament rovings with a
nominal fibre diameter of 24 um, or K filament rovings with a nominal fibre diameter
of 12 um. The tubes with the K filament rovings gave consistently lower values of
specific energy absorption than those made with T filament rovings. The K filament

tubes had a lower fibre volume fraction than those with the T filaments, so that any
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effect of fibre diameter might have been masked by a fibre volume fraction effect.

However, the effect of fibre volume fraction is, as yet uncertain (see section 2.1.3.4).

The effect of fibre diameter on the crush stress and hence, the energy absorption, of
glass:vinylester rods was examined by Tao, Robertson and Thornton [32]. The fibre
diameters examined were 13 um, 17 um and 23 um. It was found that the crush stress
of the 13 um fibre diameter rods was about 10% less than for the rods containing the
thicker fibres. There was little difference in behaviour between the 17 and 23 um fibre

diameter rods.

The behaviour of tubes reinforced with Dyneema fibres (high density polyethylene
fibres with a very high degree of crystal alignment) was studied by van Dingenen [23].
These fibres were incorporated into an epoxy resin matrix but the fibre alignment was
not stated. Collapse occurred in a buckling mode and the quoted value of specific
energy absorption was comparable to those obtained from similar glass-epoxy tubes.

These tubes do not appear to have been triggered for progressive crushing.

2.1.3.1.1 Conclusion of Fibre Type

For the three main fibre types studied, there has been shown to be a progression in
specific energy absorption of carbon > glass > Kevlar. Increases in fibre strain to
failure and modulus result in increases in specific energy absorption. Larger diameter
fibres appear to give better performance than lower diameter fibres. Hybrid fibre tubes

have not been shown to give any significant improvement over single fibre type tubes.

2.1.3.2 Matrix Properties

The effect of the matrix properties has been divided into a comparison of different

types of resin, for instance epoxies and polyesters, and comparison of the energy
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absorption behaviour with matrices that were of similar type but differed in their

mechanical properties due to additives.

2.1.3.2.1 Comparison of Different Resins

A comparison was made at the University of Liverpool of tubes made from

glass cloth:resin pre-pregs using different types of resin [25]. This work allowed a
direct comparison of the behaviour of tubes using a polyester resin matrix, to that of
tubes using an epoxy resin matrix with similar reinforcement. An increase in specific
energy absorption of about 20% was obtained by the change from polyester to epoxy
resin. It was concluded that the resin properties were important in determining the
energy absorption capability of the material. The observations were later challenged
by work on filament wound tubes with a 0-90° configuration where Scott Bader
Crystic 272 polyester tubes were superior to tubes manufactured using Ciba-Geigy
MY750/HY917 epoxy resin [33]. This work showed that a comparison of the relative
performances of matrix materials must consider the test speed, as the trends in
specific energy absorption of tubes with different matrix materials with respect to
speed were opposite, since glass-epoxy tubes gave an increase in specific energy
absorption with increasing speed while glass-polyester tubes showed a decrease (see
sections 2.1.4.1.1). Addition of 50% of CY208, a flexibilising epoxy resin, to the

MY 750 resulted in the epoxy matrix tubes equalling the performance of the polyester
matrix tubes. Similar tubes manufactured using a phenolic resin matrix material gave
specific energy absorption values of only about 55% of those obtained for the epoxy
and polyester resin matrices. This reduction could be related to the relative brittleness

of phenolic resins compared to epoxies and polyesters [7].

Further work [33] compared the behaviour of filament wound tubes made variously

with a polyester, an epoxy and a phenolic resin. The low speed properties of the
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polyester and epoxy tubes were comparable while at high speeds the epoxy matrix
tubes were consistently superior to the polyester matrix tubes. Under all conditions,
the phenolic tubes were inferior to both the polyester and the epoxy tubes. The
addition of a flexibiliser to the epoxy resin resulted in an increase in specific energy

absorption of about 20%.

Work on acrylic resin matrix tubes at the University of Cambridge showed their

performance to be comparable to polyesters [35].

The effect of the matrix tensile failure strain in carbon-epoxy tubes was investigated
by Farley [27]. These tubes were tested with various fibre orientations and in all cases
the tubes with the higher matrix failure strain absorbed more energy than those with
the lower matrix failure strain. The actual increase was dependent on the fibre failure
strain and the lay-up. Tubes with the fibres aligned closest to the hoop direction were
those that were the most sensitive to the matrix maximum strain. For these tubes, an
increase of about 60% in specific energy absorption could be achieved by doubling

the matrix failure strain.

Further work [36] showed that the trend to higher energy absorption with higher
matrix failure strain for carbon-epoxy tubes, was not matched when the reinforcement
was Kevlar fibres. The failure mode of Kevlar reinforced tubes was very different to
that for carbon fibre reinforced tubes, since the fibres deformed rather than fractured.
It was concluded that the decrease in specific energy absorption for these tubes was

related to a reduction in stiffness at high stresses.

A comparison of pultrusions of glass fibres in vinylester and polyester resin matrices

was made by Thornton [31]. The vinylester resin tubes absorbed about 40% more
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energy than the polyester resin tubes at low speeds, but the difference was reduced to

about 12% at high speeds {figures 2.6}.

2.1.3.2.1.1 SMC Resins

Variations in the polyester resins used in SMCs were studied at the University of
Liverpool [30,37]. A conventional SMC resin, 40-6020, gave the best results for
energy absorption while the least favourable results were with a low modulus resin,
40-6003. Results from a high modulus resin, 40-7488, gave little improvement over
the 40-6003 results, so that no conclusion could be drawn from the difference in resin

modulus.

2.1.3.2.2 Effect of Additives

The effect was studied of additions on the behaviour of filament wound tubes
manufactured with Scott Bader Crystic 272 as the base resin [30]. The additions were
Crystic 586, a highly flexible polyester resin, and CRC 1080. Addition of less than
40% Crystic 586 had little effect on the specific energy absorption of tubes with a
winding configuration of 90°/0°/0°/90°, but above 40% addition, the specific energy
absorption decreased. The level of decrease was dependent on the test speed. Tubes
with a winding configuration of 55°+/-/4/- tended increasingly to collapse in an
unstable manner as the amount of addition increased, resulting in low levels of energy
absorption. This collapse mode was most apparent at low testing speeds. The addition
of CRC 1080 gave an increase in specific energy absorption for a winding
configuration of 90°/0°/0°/90° to about 20% addition, above which level it gave a
decrease. Tubes with a winding configuration of 55°+/-/4/- behaved in a similar way
to tubes modified with Crystic 586. Addition of up to 30% Crystic 586 had the effect
of increasing the tensile strength of the resin from 64.2 MPa to 71.8 MPa, while

having negligible effect on the Young's modulus. Above 30% addition, both
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properties decreased sharply. Addition of up to 20% CRC 1080 increased the tensile
strength, above which level the strength decreased. The Young's Modulus decreased
steadily with increasing addition of CRC 1080, from 3.5 GPa for the pure Crystic 272

to 2.7 GPa for an addition of 30%.

Part of this work involved the use of additions to the base polyester resin (Crystic
272) and relating the changes in specific energy absorption to changes in the basic
mechanical properties of the resins. For the polyester resin system, the specific energy
absorption decreased with increasing resin fracture toughness {figure 2.7}. A good
correlation was found between the specific energy absorption and the tensile strength
of the matrix {figure 2.8}. No conclusive correlation was found between the specific
energy absorption and the Young's modulus of the resin, although it was indicated that
the specific energy absorption may increase with increasing resin modulus {figure
2.9}. It was concluded that an interpretation of the way in which specific energy
absorption varied with each material property was difficult because it was not possible

to vary each property independently and that a trade-off of properties occurred.

2.1.3.2.3 Conclusion of Matrix Properties

Although the effect of each individual resin could be masked by changes in various
other properties, generally it was found that epoxies were the best performers for
energy absorption. Polyesters were very close in performance to epoxies, although the
comparison must consider the test speed. Increasing the flexibility of the resin
decreased the energy absorption. The work that has been carried out on vinylesters
has shown them to be very promising while the inherent brittleness of phenolics
renders them poor contenders. To date there does not appear to have been much, if

any, work carried out in this field on thermoplastic matrix tubes.
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2.1.3.3 Fibre Arrangement

Many mechanical properties of composite materials are strongly dependent on the
fibre arrangement, so much work has been carried out to determine how the specific

energy absorption of composite tubes varies with fibre lay-up.

2.1.3.3.1 Filament Wound Tubes

Work on filament wound glass-polyester tubes by Hull [38] showed that a fibre lay-up

of 0-90° was 50% more effective in absorbing energy than a helical wind of £55°1.

The effect of varying the amount of hoop fibres inside and outside of the tube using a
carbon-epoxy system was examined at the University of Liverpool [25]. It was found
that the presence of external hoop fibres was crucial in obtaining reasonable values of
specific energy absorption while the presence of internal hoop fibres was not crucial.
It was concluded that, for maximum energy absorption, good external hoop restraint
was required plus some internal hoop restraint. The same workers showed that the
dependence of specific energy absorption on winding angle was dependent on the
crush speed, since £55° wound tubes were more sensitive to the crush speed than
90°/0°/0°/90° wound tubes, manufactured using the same fibre-resin system. Further
work [30] showed that tubes with a winding angle of £55° were more sensitive to the
presence of resin additives than 90°/0°/0°/90° tubes, because centre failure could
occur with various amounts of plasticising agents (see section 2.1.3.2.2). This work
showed that the matrix sensitivity of the crush response of the tubes was strongly

dependent on the fibre architecture.

various different ways of quoting the lay-up were used in the reports on which much of this review is
based. It is believed that more than one notation was used for the same lay-up. The lay-ups quoted here
are as they were written in the original report.
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Later work [34,39] examined the effect of winding angle, 0, for filament wound tubes
over the full range of angles from entirely hoop fibres (0°) to entirely axial fibres
(90°), all in the configuration +/+0. The specific energy absorption increased with
increasing winding angle to a maximum at £/£65°, above which angle a decrease was
observed {figure 2.10}. It was observed that the magnitude of the serrations in the
force-displacement trace increased with increasing winding angle. Furthermore, the
failure mode changed significantly with changing winding angle. The crush zone of
an entirely hoop wound tube consisted of the hoop windings detaching from the tube,
with the outer windings failing in tension, the detached fibres breaking into lengths
that varied from about 5 mm to 300 mm, compared to a tube diameter of 50 mm. The
internal fibres were found to have been subjected to bending, fracture and
interpenetration. 85° and 75° wound tubes failed in a similar manner to the 90° wound
tubes. 55° and 45° wound tubes failed with large plates being detached from the crush
zone; these plates being bent both inwards and outwards. Tubes with entirely axial
fibres (90°) failed by the propagation of long axial cracks producing thin struts that
bent outwards. Some circumferential cracks were formed by the bending of the struts.
This work may be compared to the behaviour of the pultruded tubes tested by

Thornton [31].

Thornton and Edwards [24] showed that a carbon-epoxy tube, with a lay-up of

[+45/-45];, gave a value of specific energy absorption that was about 25% lower than
for equivalent tubes with a lay-up of [0/90],. A similar observation was made for

glass-epoxy tubes, the difference being a decrease of about 40%.

The effect of fibre orientation for epoxy tubes reinforced with carbon, Kevlar and

glass fibres was studied by Farley [26,36]. The fibre angle dependence of the specific
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energy absorption was shown to be dependent on the nature of the fibres. For carbon-
epoxy tubes, maximum energy absorption was found to occur at low fibre angles, with
a steady decrease in specific energy absorption with increasing fibre angle to about
50°, above which the energy absorption was independent of the fibre angle. The value
of specific energy absorption for a fibre angle of 15° was more than twice the
minimum value for tubes with a fibre angle greater than 50° {figure 2.11} [36].
Kevlar-epoxy tubes behaved differently from carbon and glass reinforced tubes since,
for angles between 15° and 45°, the energy absorption was independent of the fibre
angle. From 45° to 90°, the energy absorption increased steadily to a value at 90° that
was about 30% greater than the minimum value measured. The findings for glass-
epoxy tubes were similar to those from the University of Liverpool [34]. For angles
between 15° and 45°, there was little sensitivity of the energy absorption to fibre

angle. Above 45° the energy absorption increased steadily and reached a maximum at
about 75°, of about 52 kJ kg~!, above which angle it decreased to a lower value at 90°

of about 45 kJ kg~!. The differences in the behaviour observed by Farley and those
observed at Liverpool could be accounted for by the differences between epoxy and

polyester resins, particularly the difference in fibre-matrix bond strength [40].

The effect of fibre orientation on the crush stress for flat sections and tube corners,
manufactured from glass tape-epoxy was studied by Thornton [41]. For flat sections
the crush stress increased with increasing percentage of 0° fibres, although the
apparent amount of scatter in the results made the trend uncertain. For similar but
curved sections, the mean crush stress increased with an increasing proportion of 0°
fibres. This increase was much greater than for the flat sections, increasing about

120% with an increase in the proportion of 0° fibres from 5% to 100%.
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2.1.3.3.2 Woven Cloth Reinforcement

The effect of different proportions of axial to hoop fibres in tubes manufactured from
woven cloth pre-pregs was studied by Berry [30,39]. The specific energy absorption
increased with increasing proportion of axial fibres, with the maximum recorded
value being for a hoop:axial ratio of 1:4. A higher proportion of axial fibres resulted
in the specific energy absorption decreasing rapidly because of longitudinal splitting,
indicating that the presence of hoop restraint was very important. The performance of
the 1:4 tubes was somewhat unreliable and it was concluded that the optimum

proportion would probably be about 1:3 {figure 2.12}.

Work by Berry [30,39] on plain weave cloth (1:1), varying the angle of lay-up,
showed that the specific energy absorption of tubes with the warp and weft directions
at 45° to the tube axis was 30% less than for similar tubes with the warp and weft
directions parallel to the axial and hoop directions respectively. The debris size from
the £45° tubes was larger than that from the 0°/90° tubes and it was concluded that
this was significant in the lower level of energy absorption as less material

deformation and fracture had occurred.

2.1.3.3.3 Random Fibres

The other main type of fibre arrangement that has been studied has been that of
random fibres. This has been concerned with either chopped-strand-mat or continuous
random filament mat. Comparison of tubes made from chopped-strand-mat-polyester
with filament wound tubes [30] has shown that the chopped-strand-mat tubes are
capable of absorbing as much energy as the filament wound tubes with the most

favourable winding angle of 65° with a similar tube geometry.
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2.1.3.3.4 Conclusion of Fibre Arrangement

The work on fibre arrangement has given rise to some basic design rules for
composite energy absorbers. These are: external hoop restraint is essential to prevent
unstable collapse while longitudinal fibres provide most of the energy absorption,
these rules applying for both filament wound/pre-preg tape and woven cloth
arrangements. 0-90° is better than +55° and is generally more stable. Random fibre
arrangement can be very effective. The effect of fibre arrangement can be affected by

other variables, such as the crush speed and the fibre and matrix types.

2.1.3.4 Fibre Volume Fraction

Little systematic work has been carried out on the effect of fibre volume fraction on
the specific energy absorption of crushed composite tubes. Many properties of
composite materials are dependent on the fibre volume fraction, so it would be
expected that energy absorption would be sensitive to it. As the fibre volume fraction
increases then, generally, the material density increases!; so that, if the specific
energy absorption were to increase, then the crush load must increase by an amount

that exceeds the increase in material density.

Work on SMCs at the University of Liverpool showed that an increase in fibre

volume fraction from 13% to 18% gave an increase in specific energy absorption from

39 to 54 kJ kg1 [30].

An investigation into the effect of fibre volume fraction for carbon-epoxy tubes was
carried out by Farley [36]. The effect of fibre volume fraction was dependent on the

fibre lay-up, but generally, the specific energy absorption decreased with increasing

1Providing that the fibre density is greater than the matrix density.
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fibre volume fraction between 40% and 60%. The effect was most marked for carbon-

epoxy tubes with a lay-up of [0/£15°], {figure 2.13}. No work has been published in

this area for glass fibre reinforced tubes or for fibre volume fractions less than 40%.
Farley [42] has indicated that the reason for the decrease in specific energy absorption

with increasing fibre volume fraction was that the inter-fibre distance was reduced.

Random glass mat-polyester tubes produced by resinjection in both square and round
cross sections were tested by Price [43]. Tubes with a fibre volume fraction of 28%
gave a higher crush load than tubes with a fibre volume fraction of 18%. Although the
higher fibre volume fraction resulted in the density of the tubes increasing, the
specific energy absorption was still higher than for the tubes with the lower fibre
volume fraction. Increasing the fibre volume fraction resulted in increased stability for

thin-walled square tubes such that they were less liable to fail catastrophically.

The effect of fibre volume fraction on specific energy absorption has been shown to
differ according to the fibre type. The difference in trends has been shown to be
opposite to that which would be expected from the increase in material density alone,

as glass fibres are denser than carbon and Kevlar fibres [40].

2.1.3.5 Specimen Geometry

Very little work has been carried out on determining the individual effects of the two
main geometrical variables of axisymmetric tubes; being the wall thickness t and the
mean diameter D. Most of the work has been concerned with the ratio between t and

D.
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2.1.3.5.1 Effect of tand D

Although the most obvious effect of increasing the tube wall thickness is to increase
the crush load, this increase might not have represented an increase in specific energy

absorption because of the resultant increase in the mass per unit length.

Thornton [41] showed that the specific energy absorption of square section tubes
increased rapidly with increasing wall thickness t, the increase in specific energy

absorption being approximately proportional to the increase in t {figure 2.14}.

A trend to higher values of specific energy absorption with higher wall thickness and
lower mean diameter was found by Fairfull and Hull [44]. This work was based on
varying t/D but it was shown that the effect of t/D was dependent on the values of the
individual variables, so that the measured value of specific energy absorption was also
dependent on the values of the individual variables. It was shown that the effect of t

decreased with increasing D {figure 2.15}.

2.1.3.5.2 Specific Volume and t/D.

Most of the geometrical work that has been carried out has concentrated on the ratio
between the major dimensions of t and D. Three different ways of quoting this ratio
have been used in the literature; being t/D, D/t and the specific density ¢ which is
given by the volume of the solid part of the tube divided by the volume of a solid
block with the same external dimensions. For instance, for an axisymmetric tube ¢ is

given by:

(Do2 - Diz)

¢=D—02 (2.1)
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where D, and Dj are the external and internal diameters respectively [17]. This value

is more difficult to use and to visualise than t/D or D/t but it has the advantage that it

can be applied to tubes that are not axisymmetric, such as square or rectangular tubes.

Early work on the effect of ¢ was carried out by Thornton [17] on carbon-epoxy,
Kevlar-epoxy and glass-polyester tubes. For all the tubes tested, it was found that the
specific energy absorption increased with increasing ¢ {figure 2.16}. A linear
relationship between the specific energy absorption and ¢ was suggested. Insufficient
tubes were available to determine any relationships accurately but it was suggested
that the specific energy absorption was less sensitive to ¢ for glass-polyester
pultrusions than for carbon-fabric-epoxy tubes. It was also suggested that the cross
section was important in determining the effect of ¢ as square section tubes were more
sensitive to ¢ than equivalent round section tubes. The reasons were not clarified. If
the cross section is important in determining the effect of ¢, then it appears that there

is very little to be gained from using ¢ to compare different sections.

Thornton and Edwards [24] showed that tubes with very low values of ¢ could fail by
unstable collapse and that a critical value, ¢¢, must be exceeded for progressive
crushing to be possible. The value of ¢, was greater for square section tubes than
axisymmetric tubes, implying that these were less stable. For cylindrical carbon-
epoxy tubes, if progressive crushing occurred, the value of specific energy absorption
was largely independent of ¢. The value of ¢ for glass-polyester pultrusions was

greater than that for equivalent carbon-epoxy tubes implying a lower stability.

The crush response of carbon-epoxy and Kevlar-epoxy tubes over a range of D/t ratios
was studied by Farley [45]. The specific energy absorption of the carbon-epoxy tubes

decreased with increasing D/t {figure 2.17 (a)}. This relationship was non linear and
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it was concluded that specific energy absorption was not scalable with D/t. Kevlar-
epoxy tubes showed a linear decrease in specific energy absorption with increasing
D/t {figure 2.17 (b)}. The relationship between specific energy absorption and D/t
was independent of the tube internal diameter for both carbon-epoxy and Kevlar-
epoxy tubes. It was concluded that the dependence of the specific energy absorption

on D/t was because of changes in the degree of interlaminar cracking.

The effect of the t/D ratio on the crush performance of glass cloth-epoxy tubes was
studied by Fairfull and Hull [44,46]. Tubes with thin walls failed by elastic instability,
and the failure stress increased with increasing wall thickness up to the stress for
progressive crushing. The value of specific energy absorption was strongly dependent
on t/D for tubes with a low mean diameter but largely independent of t/D for larger
diameter tubes. The mean diameter was defined as being the diameter where the
amount of material in the tube wall outside of it equalled the amount of material

inside of it. It was given by [47]:

DO2 + Diz
Dy = 5 (2.2)

For tubes with a mean diameter of 15.9 mm, the specific energy absorption increased
with increasing t/D to a maximum at t/D = 0.2, corresponding to a wall thickness of
3.18 mm, above which thickness the specific energy absorption decreased rapidly.
Tubes with a mean diameter of 24.1 mm showed a similar behaviour, but the increase
in specific energy absorption was not so pronounced. The maximum value of specific
energy absorption was measured at t/D =0.17 which corresponded to a wall thickness
of 4.1 mm. Tubes with larger mean diameters did not show a maximum in the specific
energy absorption versus t/D trace. Tubes with a mean diameter of 33.1 mm showed
no dependence of specific energy absorption on t/D up to a value of 0.15, above
which it decreased {figure 2.15}. Larger diameter tubes were insensitive to t/D within

the range tested. Three different modes of crushing were identified depending on the
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t/D ratio. These were presented on a mode map {figure 2.18} (see section 2.1.5.1 for a

complete description).

The effect of the W/t ratio for square section carbon-epoxy and Kevlar-epoxy tubes,
where W was the tube width, was studied by Farley [36]. The specific energy
absorption of the carbon-epoxy tubes was found to be a nonlinear function of W/t
{figure 2.19 (a)}. Energy absorption increased with increasing W/t to a maximum
when W/t was between 20 and 50, above which ratio the energy absorption decreased
rapidly. The response of the Kevlar-epoxy tubes was also a nonlinear function of W/t
{figure 2.19 (b)}. It was concluded that the observed increase in specific energy
absorption with decreasing W/t was related to reduced interlaminar cracking, and was

consistent with buckling load characteristics of edge supported plates.

2.1.3.5.3 Section Shape

Two main geometries of tube have been considered, being axisymmetric and square
cross section. It had been shown that the value of specific energy absorption measured
for a tube was dependent on the tube dimensions, hence a direct comparison of the
two geometries was difficult. The concept of specific density was one way of
comparing the two geometries, although the validity of this for the crushing of
composite tubes has not yet been established and results so far indicate that it's use

was probably not valid as a comparison tool.

A comparison of glass-polyester pultrusions of both square and round cross section
was made by Thornton [17], who found that, for the same value of specific density,
the value of specific energy absorption from the round tubes was consistently greater
than that from the square tubes. At low values of ¢, the specific energy absorption of
the round tubes was twice that of the square tubes while at high values of ¢ the value

for the round tubes was about 60% greater than for the square tubes.
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The behaviour of tubes with round, square and rectangular cross sections was studied
by Thornton and Edwards [24]. It was found that, for all sections, there was a critical
value of the specific density below which unstable collapse occurred (see section
2.1.3.5.2). This value of ¢, was lower for round carbon-epoxy tubes (about 0.025)
than for similar tubes with a square or rectangular section (about 0.075) implying a
higher stability for round tubes. The values of ¢ were found to be independent on the
fibre lay-up for 0/90 or 45/45 fabric, the only two arrangements used in this work,
although the latter collapsed at lower loads than the 0/90 fabric tubes due to the lower
modulus of the material in the axial direction. Later work by Price [43] indicated that
the values of ¢ are dependent on the specimen length, with shorter tubes having a
lower value of ¢.. This work concluded that the specific energy absorption was
largely independent of ¢ for these tubes if ¢, was exceeded. There was little
difference in the measured value of specific energy absorption between the square and
rectangular tubes. Similar work on glass-epoxy tubes gave similar trends to the
carbon-epoxy tubes but the values of ¢, were much higher indicating lower stability.
For Kevlar-epoxy tubes the value of ¢ for the square tubes was similar to that for the
round tubes. The value of the specific energy absorption for the square tubes was less

than half that for the round tubes.

Thornton et al. [7] concluded that there was a progression in the value of specific
energy absorption of rectangular < square < round for a given size, presumably the
relative density. It was noted that the instability observed at low values of ¢ was
dependent on the fibre lay-up and tube length. It was concluded that the corner
sections contributed a much higher proportion to the crush load per unit mass of

material involved than the flat sections, in a proportion of about 3:1.
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A comparison of the responses of square section carbon-epoxy tubes to those of
similar tubes with round cross sections was made by Farley [28,36]. The square
section tubes exhibited a lower specific energy absorption than round tubes of similar

dimensions. These findings were in agreement with earlier published work.

The crush response of random filament glass mat-polyester tubes produced by
resinjection with round and square cross sections with various wall thicknesses, was
examined by Price [43]. The square tubes had varying corner radii. Two basic failure
modes were found, being dependent on the specimen dimensions, cross section profile
and specimen length. The failure modes were catastrophic centre failure and
progressive crushing. All the tubes with circular cross sections failed by progressive
crushing, as did the square section tubes with wall thicknesses of 4 mm and greater.

2 mm wall thickness square tubes failed by either mode depending on the corner
radius and specimen length!. It was found that increasing the corner radius favoured
progressive crushing while increasing the specimen length favoured catastrophic shell
failure. The value of specific energy absorption increased with increasing corner
radius {figure 2.20}. For tubes with a wall thickness of 4 mm, the specific energy
absorption doubled with an increase in corner radius from 10 mm to 40 mm (i.e.
circular), the increase being approximately linear with increasing corner radius. This
trend was not as clear for tubes of other wall thicknesses. It was observed that the flat
sections of the square tubes did not always exhibit the frond-wedge-frond type of
crush mode that was commonly observed in circular tubes. The highest values of
specific energy absorption were found when the frond-wedge-frond type of crush

mode extended around the entire circumference of the tube. The conclusion was

I Thornton's work on ¢ did not show any length dependence as all the tubes used in that investigation
were of the same length.
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drawn that the highest values of specific energy absorption were found when the

cross-sectional geometry of the tube was closest to being circular.

2.1.3.5.4 Other Geometries

Most of the work on energy absorption has concentrated on tubes with either circular
or square cross sections. Whilst these sections are useful from an experimental
viewpoint, because of being relatively easily produced and consistent in behaviour,
applications for the use of energy absorbing components can demand that other
sections are employed. For instance, the structural under-bonnet components in a car
required to provide impact energy absorption have space considerations that can
restrict the section geometries available to the designer [8]. The under-floor structures
of helicopters can also have geometrical restrictions on the shape of energy absorbers

[6,28,36,48,49].

The behaviour of bulkhead components made from carbon-epoxy and Kevlar-epoxy
composites on a honeycomb stiffener was studied by Sen and Dremann [49]. These
bulkheads were essentially flat plates with reinforcing webs in various configurations,
but they were not effective in absorbing energy when compared to tubes made from

similar materials. The highest value of specific energy absorption obtained in this

work was 18 kJ kg~! which was about one third of that obtained from a poor quality,

axisymmetric tube.

The behaviour of energy absorbers constructed from various curved and flat
components was studied by Farley [28,36]. These components were circular and
square tubes; flat plates and sine wave section beams. It was found that the total
energy absorption of the whole device was the sum of the energy absorptions of the

component parts. The sine wave beams crushed in a progressive manner. If they
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consisted of half-tangent circles with an included angle of 180°, then the energy
absorption capacity was comparable to that of a tube of circular cross section. If the
included angle was less than 180° the energy absorption was much less than for a

circular tube.

The energy absorption of a cellular structure manufactured from glass cloth-epoxy
pre-preg material was studied by Small and Ansell [50]. Two modes of collapse were
found; stable, with a resulting high level of energy absorption; and unstable with a
resulting low energy absorption level. Unstable collapse was observed for specimens
with a large cell size and low wall thickness. These observations can be compared to
the observations made for tubes where tubes with a low value of t/D were found to
collapse in an unstable fashion. The specific energy absorption measured for
structures that crushed in a stable manner, was a linear function of the ratio of wall
thickness to cell diameter, essentially the t/D ratio as measured for tubes. As the
maximum inner cell diameter was 11.2 mm, this observation was consistent with the
results obtained for tubes by Fairfull (section 2.1.3.5.2) [44,51]. The values of specific

energy absorption obtained in this work were high, in some cases exceeding

100kJ kg1

2.1.3.5.5 Length

The effect of tube length on the serrations of the force-displacement curve for

glass cloth-epoxy tubes was investigated by Fairfull [51,52]. In that work, the
serrations were thought to have resulted from stick-slip crack propagation. The
gradient of the rising part of the serrations was determined for different tube lengths,
and it was found that the gradient was largely independent of the tube length. This

was contrary to that which was expected from normal elastic loading, as the
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displacement to reach a certain strain was less for a shorter tube. It was concluded that
the crush zone, the appearance of which was independent of the tube length, must
have had a characteristic stiffness which related to the elastic loading and unloading.
The mean load and the peak to trough height of the serrations were independent of the

tube length.

The effect of length on thin-walled, random glass mat-polyester tubes with square
cross sections was investigated by Price (see section 2.1.3.5.3) [43]. Long tubes failed
by catastrophic centre failure instead of stable crushing. For each tube configuration
studied there was a critical length, 1., below which stable crushing occurred while
above it, centre failure occurred. This value of critical length increased with

increasing wall thickness, fibre volume fraction and corner radius.

2.1.3.5.6 Sections

The crush performance of tube sections and slotted tubes was studied by Price [53] to
try to understand the effect of hoop stresses. No significant drop in energy absorption
was observed resulting from the slotting of the tubes. Quarter section tubes were less
effective in absorbing energy than axisymmetric tubes. There was little difference in
the performance of half and three quarter section tubes from that of axisymmetric
tubes. This work implied that the presence of absolute hoop restraint was not crucial

for good energy absorption.

A comparison of the crush response of flat and curved sections was made by Thornton
[41]. The curved sections exhibited a stable crush over much greater distances than
the flat sections, whilst there appeared to be little difference in the peak crush stress
between the flat and the curved sections. It was also shown that the mean crush stress

increased with decreasing radius of curvature for the curved sections.
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The combined findings of Price and Thornton indicated that local curvature was

important for energy absorption.

2.1.3.5.7 Conclusion on Specimen Geometry

It has been found that, for optimum energy absorption, tubes should be as close as
possible to circular in cross section. Specific energy absorption increases with
increasing wall thickness and decreasing tube diameter. Generally, a certain level of
wall thickness must be exceeded to prevent catastrophic failure. Length has no effect

on the energy absorption if catastrophic failure is avoided.

2.1.3.6 The Trigger

Much interest has been shown regarding the trigger used to prevent centre failure and
promote progressive crushing. Both the nature and the geometry of the trigger have
been studied [34,54-58]. For the purposes of this work it is enough to note that the
chamfer trigger which consists of a bevel machined at one end of the tube, was
effective in promoting progressive crushing and preventing catastrophic centre failure.
It has been shown that the geometry of this type of trigger affects the beginning of the
force-displacement trace but does not affect the measured crush load. The use of a 45°
chamfer has been shown to prevent an initial peak load before progressive crushing
proceeds. Although other types of trigger have been studied, these have not been

considered in this work!.

2.1.4 Effect of Testing Variables

The main testing variables that have been considered are the crush speed and the tube

temperature. The effect of the nature of the crush platen has also been investigated.

1 Another trigger of note is the "Tulip" type of trigger employed by Thornton and co workers, although
the benefits to be gained from this type of trigger appear to be limited to square section pultrusions.
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2.1.4.1 Effect of Speed

Most of the work that has been carried out on crushing of tubes has employed
constant speed crushing as a simulation of an impact. During an impact the speed
must decrease from the initial impact speed to rest as the energy absorber performs it's
function. Hence, constant speed crushing may not be a true simulation of crash
conditions. Polymers are known to be sensitive to the strain rate during testing, so
composites incorporating polymers in the matrix or fibres may also be strain rate
sensitive (see section 2.2). If the crush behaviour of composite tubes is sensitive to the
crush speed, then constant speed crushing will not be a true simulation of crash
conditions. To this end, much work has been carried out on the speed sensitivity of the

specific energy absorption of crushed composite tubes.

2.1.4.1.1 Glass Fibre Reinforcement

Work has been carried out examining the speed effects on energy absorption by tubes
reinforced with glass fibres in various matrix materials. The main types of matrices
studied have been polyester and epoxy resins, although phenolic, acrylic and

vinylester resins have also been examined.

2.1.4.1.1.1Polyester Resin Matrices

Most of the work on speed effects on polyester matrix tubes was carried out at the
University of Liverpool. This work concentrated on filament wound tubes and random
fibre reinforcement. Early work [59] showed that, for filament wound tubes with a
fibre arrangement of +55°, there was little significant sensitivity to speed. Later work
[25] on tubes with a fibre arrangement of 55°/0°/0°/55° {given as +55° in figure 2.21}

displayed a definite decrease in energy absorption with increasing crush speed with a

value of about 70 kJ kg=! at 0.005 m s~! compared to about 50 kJ kg=! at 5m s-!.
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Tubes made with the same glass-resin system but with a fibre arrangement of
90°/0°/0°/90° {0/90° in figure 2.21} displayed much less speed sensitivity, showing
that the speed sensitivity depends on the fibre arrangement. Further work [30]
incorporating additions of a plasticising agent (Crystic 586) to the basic resin, gave
significant reductions in energy absorption with increasing speed {figure 2.22}.
Additions of a vinyl terminated rubber (CRC 1080) gave a substantial speed

sensitivity to 90°/0°/0°/90° tubes with a decrease in specific energy absorption from

about 75 kJ kg=! at 0.005 m s7! to about 60 kJ kg-! at 5m s7! {figure 2.23}. Additions
of an agent that had a strengthening effect on the base resin, decreased the speed
sensitivity of 90°/0°/0°/90° lay-up tubes while having little effect on the speed
sensitivity of 55°+/-/+/- tubes. The basic resin used in this work was Scott Bader
Crystic 272. This work showed that the effect of the fibre lay up on the speed

sensitivity was complicated, but that a 0/90° lay up was less speed sensitive than £55°.

Work performed using Scott Bader Crystic 272 polyester resin showed that the
fracture toughness of the polyester resin matrix increased with increasing test speed
{figure 2.24} [33]. This can be compared to the observation in section 2.1.3.2.2 that
the specific energy absorption decreased with increasing fracture toughness {figure
2.7}. These trends were consistent with the observation that specific energy

absorption decreased with increasing test speed for a polyester resin matrix.

Early work at Liverpool on chopped-strand-mat-polyester tubes [21] showed that the
reduction in energy absorption with increasing speed observed for filament wound
tubes was also present with this type of reinforcement. With this work; however, there
was a lack of dimensional control, so that the trends observed must be treated with

caution {figure 2.25}.
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Work on SMCs with various resin formulations [30,59], showed probable trends to
lower energy absorption at higher speeds, however the scatter was too great to be able

to draw firm conclusions.

Tubes manufactured by resinjection with random filament glass reinforcement in
Crystic 272 were examined by Price [43]. It was found that the speed sensitivity of
energy absorption was dependent on the wall thickness. Tubes with 4 mm thick walls
showed a decrease in energy absorption with increasing speed while those with 8 mm

thick walls appeared relatively insensitive to speed {figure 2.26}.

Work on glass-polyester pultrusions by Thornton [31] showed that higher speeds gave
higher values of energy absorption {figures 2.6 (a) and 2.27}. It appears that the high
speed tests might have been subject to a degree of debris compaction, so that the
levels of energy absorption might have been artificially high for these tests. These
pultruded tubes had a very high proportion of axial fibres and much of the hoop
restraint was provided by the matrix. Crushing in these tubes consisted of splaying of
the axial fibres with resin fracture being a major contributor to energy absorption. It
has been shown that the fracture toughness of polyester resins increases with
increasing speed [33], hence these observations are not inconsistent with the
observations of other workers that the specific energy absorption of glass-polyester

tubes decreases with increasing crush speed.

2.1.4.1.1.2Epoxy Resin Matrices

Most of the work that has been carried out to date on speed effects in glass-epoxy
tubes has been performed on tubes reinforced with woven cloth. Thornton [17]

showed that the energy absorption of glass cloth-epoxy tubes increased with
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increasing crush speed. These results gave a linear increase with log speed and a

formula was proposed of the type

Es=clogig (v¢) +d (2.3)

where ¢ and d were empirically determined constants. The author suggested values of

c=1.49kJ kg-! and d=53.2kJ kg~! {figure 2.28}. The logarithmic dependence of
specific energy absorption was later confirmed by Berry and Hull [60], although the

later values of ¢ and d were 3.74 and 57.9 kJ kg~! respectively {figure 2.29}. These
differences could be accounted for in the differences between the test-pieces used by
the workers. Berry and Hull examined some debris using an SEM from tubes tested at
high and low speed and found distinct differences as resin flow appeared to have

occurred at low speed and brittle resin fracture at high speed.

Some work on speed effects in filament wound glass-epoxy tubes was carried out at
the University of Liverpool [33]. Small increases in energy absorption with increasing
speed were found {figure 2.30}. However, the fibre arrangement was 0—90° and this
was known to be a lay-up that is relatively insensitive to the matrix properties (see

Section 2.1.3.3.1).

The speed dependence of specific energy absorption of a cellular structure made from
glass cloth-epoxy pre-preg was studied by Small and Ansell [50]. It was found that the
measured value of specific energy absorption increased sharply from 0.1 mm s-! to

1 mm s-1, but that the increase was not sustained when tested at 1 m s-1. It was
observed that testing at high speeds increased the incidence of unstable collapse of the

cells. The cells were not triggered for progressive crushing {figure 2.31}.

2.1.4.1.1.30ther Matrix Materials

Very little work has been carried out on the crush behaviour of tubes manufactured

using matrix materials other than epoxies or polyesters. The behaviour of filament
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wound tubes manufactured with a phenolic resin matrix was examined at the Uni-
versity of Liverpool [33]. These tubes showed no speed sensitivity for their energy
absorption capability {figure 2.32}. The lay-up was however 0—90°, a lay-up that has
been shown to be relatively insensitive to the matrix properties (see section 2.1.3.3.1).
These results may thus have little significance with respect to the speed sensitivity of
other lay-ups. Some work on phenolic-cotton tubes suggested there was little speed

sensitivity of the post failure crush load.

Work on acrylic resin matrix tubes at the University of Cambridge showed that a
negative speed dependence was present [35]. These tubes were made using glass mat

in two different acrylic resins. For one system (ICI MDR 804) a 26% decrease in the

specific energy absorption was observed over the speed range 4 mm s~! to 4 m s71.
Another system, ICI MDR 835, displayed a 23% drop over the same speed range

{figure 2.33}.

Tests on glass-vinylester pultrusions were performed by Thornton [31]. Little speed
sensitivity was found, any trends being apparently masked by scatter in the results.
The suggestion was however, made that there was a negative speed sensitivity of
energy absorption for some of these tubes and a positive speed dependency for others

{figure 2.6 (b) and 2.34}.

Some tests on filament wound glass-vinylester tubes with a winding angle of (+45°)3
were performed by Burtin and Hamelin [61]. Contradictory trends as functions of
speed were found for apparently identical tubes, since one set of tubes displayed a
negative speed dependence of specific energy absorption while two other batches
displayed a positive dependence. No indication was given of the number of tests

carried out. The values given for specific energy absorption were much lower than

Page 39



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

those quoted by other workers, despite the tube dimensions being comparable,
probably because of the fibre arrangement used in this work. Translation problems

appear to have masked the value of this paper's contribution to the field.

2.1.4.1.2 Carbon Fibre Reinforcement

Thornton [17] showed that, for carbon-epoxy tubes, the energy absorption capability
increased slightly with increasing speed {figure 2.28}. These results showed a linear
relationship of the form shown in equation 2.3. The value of c, the gradient of the line,
was a measure of the speed sensitivity and the author found a value of 0.631 kJ kg-!
for carbon-epoxy tubes, compared to 1.49 kJ kg-! for similar glass-epoxy tubes,
showing that the carbon-epoxy tubes were less rate sensitive than the glass-epoxy
tubes. The author noted that the level of serration of the force-displacement curve
increased with increasing speed. Thornton ef al. [7] appear to have re-presented the
same results but concluded that the rate dependence of carbon-epoxy tubes was only
10% of that of glass-epoxy instead of 42%, although there did not appear to have been

any more data collected. No reasons were given for this apparent contradiction.

A positive speed dependence for 0-90° lay-up carbon-epoxy tubes with a ratio of hoop
to axial fibres of 1:3 but a negative speed dependence for similar tubes with a ratio of

1:5 {figure 2.35}, was found by workers at the University of Liverpool [25].

Quasi-static and impact rate tests on carbon-epoxy tubes were performed by Farley
[26]. It was concluded that the results agreed to within 20% of each other but gave no
indication of any trend. The same author [36] later performed tests on the effect of
varying the fibre lay-up on the speed sensitivity of carbon-epoxy tubes and found that,
as the ply orientation angle increased from 15° to 75°, the sensitivity to speed of the

energy absorption increased. Farley concluded that the reason that the speed
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sensitivity varied with ply angle, was that, as the ply angle increased, the contribution

to energy absorption of the matrix material increased.

2.1.4.1.3 Conclusion of Speed Effects

This work has shown that the specific energy absorption for the composite tubes
tested was, to some degree, sensitive to the crush speed. The direction of speed
sensitivity has been found to depend on the matrix material, with polyester and acrylic
resin matrix tubes showing a negative speed dependence while epoxy resin matrix
tubes showed a positive speed dependence. The degree of speed dependence was

shown to be strongly dependent on the fibre type and arrangement.

2.1.4.2 Temperature Effects

Thornton [17] showed there was little variation of energy absorption with varying
temperature below 25 °C, for glass-epoxy and carbon-epoxy tubes {figure 2.36}. At
temperatures above 25 °C, the energy absorption of the glass-epoxy tubes was found
to decrease rapidly with increasing temperature. The author concluded that this
decrease started at about -100 °C but the figure presented in this paper suggested that
this observation could be because of experimental scatter instead of any true effect.
The carbon-epoxy system maintained a reasonable level of energy absorption with
increasing temperature up to about 150 °C, before it started to decrease. The energy
absorption of glass-polyester pultrusions decreased rapidly with increasing
temperature above room temperature. All systems displayed a greater level of
serration in the force-displacement trace at low temperatures. At high temperatures
the tubes were observed to remain intact, rather than to display the high degree of

fragmentation that was found at low temperatures. A later presentation of these results
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by Thornton and Jeryan [62] concluded that the glass-epoxy tubes gave a significant

increase in energy absorption with a reduction in temperature below ambient.

A filament wound glass-polyester system was examined by workers at the University
of Liverpool [25]. It was found that, within the range -20 to 60 °C, there was no
significant temperature dependence of the energy absorption {figure 2.37}. The lay-
up in these tubes was 0-90°, a lay-up that has been shown to be relatively insensitive
to speed (section 2.1.3.3.1), so these observations suggest that the crush properties of

this lay-up are relatively insensitive to the matrix properties.

Berry and Hull [60] showed that a glass cloth-epoxy tube tested at -20 °C gave a
higher value of energy absorption than a similar tube tested at room temperature at the
same speed. The authors suggested that it might be possible to obtain a simulation of

very high speed crushing by testing at low temperatures.

2.1.4.3 Nature of the Crush Platen
Specific energy absorption cannot be regarded as being purely a property of the test

piece, as the nature and condition of the crush platen can affect the values obtained.

The effect of platen roughness on the crush load was examined by Fairfull and Hull
[63]. A polished steel platen gave a crush load that was about 7% less than for the
normally used ground surface. Surfaces that were rougher than a polished finish did
not appear to display any surface condition sensitivity of the crush load. It was
concluded that friction between the crush platen and the debris fronds played an

important part in energy absorption.
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2.1.5 Mechanisms

So far this review has concentrated on the trends in the observed values of specific
energy absorption with each individual variable with no reference to the mechanisms
of crush. However, work has been carried out into trying to understand the

mechanisms of crush.

2.1.5.1 Crush Zone Morphology

The crush mechanisms of glass cloth-epoxy tubes, crushed over a wide range of t/D
ratios, were examined by Fairfull and Hull [44,51]. All the tubes considered in this
study were triggered for progressive crushing and three basic types of crush zone
morphology were found depending on the tube scale if catastrophic shell failure was

avoided.

Type I crushing occurred for tubes with a t/D ratio of less than 0.1 and consisted of an
annular wedge of tightly compacted material that forced the material in the tube wall
to flow into the centre of the tube and outside of the tube {figure 2.38 (a)}. A centre
wall mode I crack! was formed and propagated by the opening forces applied by the

wedge. These forces caused the formation of debris fronds.

Type II crushing occurred for a wide range of tube dimensions up to a t/D ratio of
about 0.2 {figure 2.38 (b)}. This mode was largely independent of the tube diameter;
being mainly dependent on the wall thickness. This mode featured a smaller debris
wedge than type I crushing with no evidence of the mode I centre wall crack, the apex

of the wedge being displaced to the inside of the tube.

1Although generally referred to as a mode I crack, hoop restraints on the crack must have meant that it
it was not purely mode I and should be referred to as a modified mode I crack. However, the original
author used the terminology mode I so it is also used here.
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Type III crushing occurred for the tubes with the highest values of t/D {figure 2.38
(c)}. In this mode, a cone of debris formed in the centre of the tube forcing the
material to flow to the outside of the tube with no flow to the inside. All three types of

crushing involved extensive delamination of the tube wall.

Type III crushing was less efficient as an energy absorbing mechanism than types I
and II, resulting in the decrease in specific energy absorption that was observed for
high values of t/D with small bore tubes {figure 2.15}. In figure 2.38 (¢), the depth of
the external frond has been given as 0.95t. As described, this was very unlikely to
have been the true depth for reasons of conservation of matter. For this type of
crushing, once the crush zone was established and the wedge formed, all the material
in the tube wall had to flow away from the crush zone as the external frond, thus it

was very improbable that the depth of the frond was less than the wall thickness.

2.1.5.2 Energy Absorbing Mechanisms

Eight different mechanisms that contributed to the energy absorbed in the crushing of
glass cloth-epoxy tubes were identified by Fairfull [51]. These mechanisms were
identified for type I crushing, but they were also applicable to types II and III crushing,
although some of the mechanisms might not have been active. These mechanisms

were:

1. Propagation of mode I crack at the apex of the debris wedge,
2. Friction between the wedge and the debris fronds,

3. Delamination of the fronds,

4. Flexural damage of the fronds at the limits of delamination,
5. Friction between the laminae of the fronds after delamination,
6. Friction between the fronds and the crush platen,

7. Propagation of axial splits between fronds,
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8. Transverse flattening of the fronds.

Consideration of the three types of crush zone showed that the first mechanism was
only present in type I crushing while the other mechanisms all operated for all three
modes. However, it was unlikely that type II crushing could have occurred without a
mode [ intra-wall crack as the wedge would not then have been able to move down
the tube wall. It must be assumed that in this type of crushing the crack was not
visible but was present and that the first mechanism was operational. The eight modes
that were identified are divisible into five fracture modes (1,3,4,7,8) and three

frictional modes (2,5,6).

The levels of contribution to the energy absorption of each of the mechanisms were
dependent on the testing conditions and the material properties. Some dependence of
the levels of contribution on the specimen geometry was identified. The contribution
of mechanism 6 was dependent on the crush platen and was not a true material

property (see sections 2.1.4.3 and 7.1).

Another crush mode for glass cloth-epoxy tubes with a t/D ratio of about 0.04 was
identified by Berry and Hull [60]. This mode was very different from those identified
by Fairfull since the debris wedge was not present and most of the energy absorption
appeared to be due to micro-fracture processes {figure 2.39}. It was unclear in either
work what determined the nature of the crush mode between the type I mode observed
by Fairfull and that observed by Berry and Hull, as the tubes used appear to have been
very similar. It was probable that the differences were in the resin used as the pre-preg

suppliers were different.
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2.1.5.3 Load distribution

To estimate the level of contribution of some of the mechanisms, Fairfull [51]
determined the different contributions of the wedge and fronds to the crush load. The
results were for tubes with a t/D ratio of 0.05 and might not be directly applicable to
other tube geometries. The crush mode for these tubes was type I where the debris
wedge took 67% of the crush load, the internal fronds 13% and the external fronds

20%. The findings of this work are discussed in depth in section 7.1.

2.1.5.4 Friction

The force distribution within the crush zone was defined by Fairfull as shown in
figure 2.40! [51,63]. P\y, Pyw and Pgy having been determined, w; was determined by
measuring the radial frictional force. u; was found to be 0.25 - 0.45. From this work it
was possible to estimate the contribution of friction between the fronds and the crush

platen to the total energy absorbed (see section 7.1).

The coefficient of friction between the crush front and the crush platen for different
platen surface conditions was determined by Fairfull and Hull [63] by rotating the
crush zone against the platen and measuring the frictional resistance to torsion. A
polished steel platen surface gave a significantly lower coefficient of friction than for
a ground surface (0.26 to 0.30 as opposed to 0.35 to 0.39). A sand blasted surface
gave a slightly higher value than the ground surface (0.38 to 0.41) while a cross-
milled platen gave much higher values (0.65 to 0.70). The values for the ground and

sandblasted surfaces were towards the high range of the values obtained by Fairfull in

IThe forces as drawn were show the forces on the wedge as being on the fronds, eg. P etc. Compare
figure 2.40 to figure 7.1.
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previous work [51]. This work measured the coefficient of friction between the entire
crush zone and the platen instead of just the fronds and the platen as would be the case
for axial crushing. The presence of the debris wedge sliding against the platen in these

experiments might have had an effect on the values measured.

Some work on determining the frictional contribution at the wedge-frond interface
was carried out by Fairfull [51] by introducing a PET film to reduce the friction at the
interfaces. The film had the effect of reducing the crush load by 23% without
seriously affecting the appearance of the crush zone. It was concluded that wedge-
frond interface friction was a very important contributor to the energy absorption. The
level of serration of the force-displacement trace was much less for the tubes
incorporating the PET film and it was concluded that the serrations were largely
caused by stick-slip friction. This conclusion was contrary to that reached by the same
author, as stated in section 2.1.3.5.5, that the serrations were caused by stick-slip
crack propagation. However, this work was later than that carried out on the length
effects, so that the conclusion of stick-slip friction probably represents a state of better

understanding of the crush process.

2.1.6 Conclusions

This work has shown that composites are capable of absorbing large amounts of
energy per unit mass if the correct design is used. Energy absorption is dependent on
many variables which can be grouped into material, geometrical and testing variables.
Trends of energy absorption with each individual variable were difficult to quantify as
there was a great deal of interaction of variables, for instance the sensitivity of the
specific energy absorption to speed depends on the matrix material, fibre type and

fibre arrangement. Nonetheless, some general trends have been observed.
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Carbon fibres are superior to glass which are superior to Kevlar.

Hybrid fibre tubes give no significant improvement over single fibre type
tubes.

0-90° is a better fibre arrangement than +55°.

The optimum ratio of axial to hoop fibres is about 3:1.

Woven cloth and random fibres are both effective types of reinforcement.
Epoxy resins are the best matrix materials although polyester, vinylester
and acrylic resins are very close in performance.

Specific energy absorption is dependent on the specimen geometry.
Circular tubes are the most effective energy absorbers.

The levels of energy absorption are dependent on the crushing speed,
although the sensitivity to speed is dependent on the fibre and matrix
types and fibre arrangement.

Energy absorption decreases with increasing temperature for all the
matrix materials studied.

Energy absorption is dependent on the platen condition and is not purely a

material property.

2.2 Material Properties

Work has been performed on the basic mechanical properties of thermosetting resins,
particularly epoxy resins, and composite materials incorporating these resins as matrix
materials. This section gives an outline of the way the strength, stiffness and fracture
properties vary with the test speed and temperature for both the monolithic matrix

material and the resins when reinforced with glass fibres.

2.2.1 Resin Properties

Most of the work on the properties of thermosetting polymers has been carried out on

epoxy resins, although a limited amount of work concerning polyester resins has also
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been performed. As these were the only two types of resin used in the experimental

part of this project, this review section is only concerned with these types.

2.2.1.1 Epoxy Resins

Work has been carried out on the strength, stiffness and fracture properties of a range

of epoxy resins. Strain rate and temperature responses have been examined.

2.2.1.1.1 Strength and Stiffness

Deformation of an epoxide resin at temperatures below the Tg was examined by Pink
and Campbell [64]. Stress-strain curves showed that the response at low temperatures
was strictly linear elastic, while at higher temperatures deviations from linearity were
very apparent {figure 2.41}. At these temperatures, about 250 K to 390 K (-23 °C to
117 °C), deformation was found to be a combination of linear and nonlinear elastic
with an increasing degree of plasticity as the temperature rose. Increasing
temperatures resulted in increasing strains to failure at decreasing failure stresses. A

strain rate sensitivity, A, of the tensile stress o, was defined as:

A= (2.4)

where Ao was the change in the tensile stress for a strain rate variation from ¢ | to € ».
The value of A was found to vary with temperature and was approximately zero at
temperatures up to about 170 K (-103 °C), above which temperature it rose rapidly to
a maximum at about 200 K (-73 °C). Between 200 K and 350 K (77 °C), A decreased
linearly with increasing temperature to zero. Above 350 K, A rose sharply with
increasing temperature {figure 2.42}. The Ty of the resin was given as 423 K (150 °C).
The actual values of A that were measured were found to be dependent on the strain

employed in the test, A increasing with increasing strain. The observations made in
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this work divided the deformation into three regions which were deduced to be due to
different mechanisms. Each mechanism was associated with an activation energy and
estimates of the energies were given. The regions were defined as being: below 180 K
(-93 °C), 180 K to 320 K (47 °C) and above about 350 K (77 °C). The region between
320 K and 350 K was not defined. The activation energies associated with each
mechanism were: 1 eV, 2-3 eV and 4-6 eV respectively. There was no qualitative

description of the mechanisms.

Mechanical properties of a series of epoxy resins as functions of the testing rate and
the temperature were studied by Yamini and Young [65-67]. For each of the resins
investigated, the Young's modulus displayed a slight increase with an increase in test
speed of two orders of magnitude. The Young's moduli of the resins were found to
decrease linearly with increasing temperature over most of the range investigated,
however, the decrease was found to be greatest as the Tg was approached {figure
2.43}. Measurements of the yield stress as a function of the testing variables showed
similar variations to those found for the Young's modulus, in that a slight increase was
observed with increasing speed and a decrease with increasing temperature {figure
2.44}. The observed percentage decrease in yield stress with increasing temperature
was much greater than the percentage decrease in the Young's modulus. The shear
yield stress was found to decrease linearly with increasing temperature in the

range -60 °C to 80 °C for an epoxy resin with a Tg of 110 °C {figure 2.45}.

The effects of temperature and strain rate on the strength and stiffness of an epoxy

resin were studied by Kinloch ef al. [68]. The compressive yield strength was found to

increase logarithmically with the strain rate, the gradient of the oy versus log(¢ ) line
being apparently independent of the test temperature. The yield strength decreased
rapidly with increasing temperature from -60 °C to 20 °C, but temperature increases

above 20 °C had a much lower effect. Similar trends were found for the compressive
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modulus. The crack opening displacement, d, was examined as a function of the test
variables. Crack opening displacement is a quantity that relates the fracture toughness,

K, to the yield strength, oy, and yield strain, ¢y, of the material. It is given by:

o= (Ié—lyc)z €y (2.5)

0 increased slightly from -90 °C to about -20 °C, above which temperature it

increased rapidly as the temperature was increased. The actual increase was found to
be dependent on the strain rate, lower strain rates favouring a more rapid increase in 0
with increasing temperature. From equation 2.5, it is clear that trends in & can be
related to a combination of trends in Ky, oy and €. This work showed the
compressive modulus and yield strength to increase with increasing strain rate, the
apparent increases being greatest at -60 °C. From -40 °C to 60 °C there did not appear
to be any temperature sensitivity of the speed sensitivity of either quantity. The

increases were linear with log. strain rate.

The properties of an epoxy resin at 77K (-196 °C) were compared with those at room
temperature by Egusa ef al. using a three point bend test [69-71]. An increase in the
Young's modulus of about 120% occurred on cooling the resin from room temperature
to 77 K. This increase was accompanied by an increase in the ultimate bend strength
of about 25%, while the ultimate strain decreased by about 50%. The authors showed
that the temperature sensitivity of the mechanical properties of the resin was
dependent on the state of the resin. The basic purpose of the work was to examine the
effects of irradiation on the properties of the resin and it was found that the degree of

irradiation affected the temperature sensitivity of the resin properties.

The dynamic mechanical behaviour of epoxide resins was studied by Mikolajczak et
al. [72]. This work was carried out on a dynamic mechanical analyser (DMA) and

showed that there were three relaxation peaks in the tan(d) versus temperature curve
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at a frequency of 1 Hz, over a temperature range of 125 K to 475 K (-148 °C to

202 °C). Tan(d), known as the loss tangent, is a viscoelastic property of a material that
is related to the inherent structure of the polymer matrix. Each of the peaks that were
observed were related to o, f§ and y relaxations in the material {figure 2.46}. The
temperatures at which these relaxations occurred were generally independent of the
cure state of the resin. Similar work was performed by Kinloch et al. although only

the a and 3 peaks were detected [73].

2.2.1.1.2 Fracture

Direct comparisons between fracture results from different workers are difficult due to
differences in resin chemistry. In a review of the fracture of thermosetting resins,
Young [74] showed that for the same resin (Epicote 828), the type and amount of

hardener could cause variations in the critical strain energy release rate (Gyc) of

between 86 J m=2 and 340 J m=2. Phillips et al. [75] also showed a great variation in
the initiation energy for fracture, Gy, of between 130 J m=2 and 575 J m2, by varying
the type of hardener for Ciba-Geigy MY 750. Further work showed that the value of
Gicj decreased linearly with increasing log. test speed while the energy for crack

arrest, Gyca, Was relatively insensitive to the test speed [76].

The fracture behaviour of an epoxy resin, Ciba-Geigy CT200, at various speeds was
examined by Young and Beaumont [77]. It was found that high testing speeds
favoured continuous crack propagation whilst lower speeds favoured stick-slip crack
propagation. The stress intensity factor, Kj, increased linearly with increasing log. test
speed, this being consistent with the observations of Scott ez al. [76]. In the stick-slip
region, the value of Kj used was that calculated for a smoothly decelerating crack

according to the method of Phillips and Scott [78].
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Fracture of epoxy resins above their Tg as a function of the test temperature and crack
speed was examined by King and Andrews [79]. It was concluded that the fracture

energy obeyed the WLF time-temperature superposition principle!.

Temperature and test speed effects on the fracture energies for Ciba-Geigy MY 750
were studied by Phillips et al. [75]. Crack propagation in this resin was found to be
stick-slip under all the test conditions investigated, with the crack arrest energy, G,
being independent of the test variables. The crack initiation energy, Gj, increased with
increasing temperature in the range 0 °C to 70 °C. At each individual temperature
investigated, G; was found to decrease logarithmically with increasing speed. The
observed changes in Gj were correlated to changes in the size of a hackle zone that
was observed as the crack grew slowly, indicating a correlation between G; and
deformation at the crack tip. It was concluded that the variations in G; were largely

due to variations in the critical crack opening displacement J.

Further work by Yamini and Young [65,67] examined the propagation of cracks in
epoxy resins. Measurements of the critical stress intensity factor for crack initiation,
K¢, as a function of the cross-head speed over two orders of magnitude using a
double torsion technique, showed a decrease with increasing speed whilst the critical
stress intensity factor for crack arrest, Kic,, was found to increase slightly. The levels
of change in Kj¢; and Ky, were dependent on the chemical nature of the cured resin
and the testing temperature {figure 2.47}. It was found that crack propagation was
continuous at low temperatures and stick-slip at high temperatures [67]. The actual

temperature of transition from continuous to stick-slip was dependent on the chemical

I That features in the temperature response curve can be related to the Ty of the material by a strain rate
dependent shift factor.
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composition of the resin. It was found that Ky for continuous crack propagation
decreased with increasing temperature in the region of -50 °C to the transition
temperature!. Above the transition temperature the value of Kj¢;, increased with
increasing temperature whilst Ky, decreased {figure 2.48}. This decrease in Kj¢, can
be compared to the findings of Phillips et al. where G, was found to be independent

of the test temperature. The values of K, and G, are related by:

2

K. =EG, (2.6)

for plane stress conditions or:

2 E G,
RN

(2.7)

for plane strain conditions. As Young's modulus, E, of the resin decreases with
increasing temperature [66,75], the observations of Yamini and Young are not

inconsistent with those of Phillips et al..

The effects of strain rate and temperature on the fracture toughness of epoxy resins
were studied by Low and Mai [80]. At low strain rates, the value of Gy; decreased
with increasing strain rate, but higher strain rates gave values of Gy that were
comparable to those obtained at very low strain rates. Different tests were used in the
determination of the values so caution must be exercised in dealing with these results.
The temperature work in this paper showed that there was a distinct change in the
behaviour of G between impact rate tests and slow speed tests. The impact tests gave
an increase in Gy with increasing temperature up to a peak at about 25 °C, above

which Gy decreased.

IFrom continuous to stick-slip.
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Work on fracture of epoxy resins by Ochi et al. [81] showed that the fracture
toughness of some resins could be largely independent of the test temperature in the
range -60 °C to 140 °C. The results quoted in this paper showed little temperature
sensitivity of K¢ below room temperature for either of the resins tested. A different
type of resin showed a sharp increase in K¢ with increasing temperature from 20 °C to

130 °C.

The temperature dependence of the fracture toughness of some epoxy resins was
examined by Mizutani and Yoshii [82]. The actual forms of the Ky versus
temperature plots varied according to the type of resin, but they all displayed a slight
increase from -35 °C to room temperature, followed by a rapid increase to a peak

value, and a subsequent drop with a further increase in the temperature. The
temperature of the peak was taken by the authors to be the Tg. Three types of crack
propagation were observed depending on the temperature. These were: continuous
stable propagation at low temperatures, stick-slip at temperatures from about 0 °C to
the T and tearing with shear bands at temperatures above the Tg. For all the resins
tested the Young's modulus decreased linearly with increasing temperature up to the

T, followed by a rapid drop above the Ty.

2.2.1.1.3 Conclusion of Epoxy Resins

Although there were a large number of detail differences in the response of the
different epoxy resins, some general trends could be identified. Generally, the yield
strength and Young's modulus decreased with increasing temperature, the percentage
decrease in the strength being greater than for the modulus for the same increase in
temperature. Most workers have shown these decreases to be linear except when the

Tg was approached. Increases in both properties with increasing strain rate have been
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observed, all workers showing a linear relationship with log. strain rate. The
coefficient of proportionality has been shown to be dependent on the temperature and

the resin condition.

Fracture behaviour showed a distinct change of mode when the temperature increased,
being one of continuous crack growth at low temperatures and stick-slip at high
temperatures. The fracture toughness of the resins increased with increasing
temperature. The response to increasing temperature was shown to be simulated by a
decrease in speed. Low strain rates favoured stick-slip crack propagation while high

strain rates favoured continuous crack propagation.

2.2.1.2 Polyester Resins

Very little work appears to have been published on the variation in mechanical
properties with speed and temperature for polyester resins. Generally, polyester resins
are more brittle than epoxy resins [74] yet fracture in polyester resins has been found

to be normally of the stick-slip type.

In a review [83], Harding reported that the dynamic flow stress in compression for

some polyester resins was more than double that for quasi-static testing.

Various workers have investigated the fracture behaviour of polyesters and have
found that it is dependent on the synthesis procedure, molar ratio of unsaturated to

saturated acid, the post cure condition and the degree of moisture uptake [84-89].

Some work on speed effects on the properties of polyester resins was presented in
section 2.1.4.1.1.1. This work showed that the fracture toughness of a polyester resin

increased with increasing test speed.
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2.2.2 Composite Properties

Having examined how the mechanical properties of resins and glass fibres vary with
strain rate and temperature, it is now appropriate to consider how the variations affect
the properties of a composite utilizing the resins as matrix materials. In this review
mainly glass reinforcement will be considered, although other types of reinforcement
have been studied. Carbon fibre reinforcement has been studied but these composites
have been shown to be less rate and temperature sensitive than glass reinforced

composites [88].

Pink and Campbell [90,91] showed that the deformation of composites is largely
controlled by the matrix, hence the variations in fibre properties with the test variables
have been disregarded in this work. This means that the trends that were observed in
section 2.2.1 can be applied to the behaviour of composites. The tests that were
performed in this work were tensile tests so that the observations may not apply to
other types of loading. Also this work was carried out using woven glass cloth as the
reinforcement, so the observations may not apply to other reinforcement types or

arrangements.

2.2.2.1 Epoxy Resin Reinforcement

Deformation characteristics of glass reinforced epoxy resin composites were studied
by Pink and Campbell [90,91]. It was found that at low strain rates there was a slight

increase in the strength with increasing strain rate, but that at strain rates in excess of

about 0.1 s71, the increase in strength was more marked. For samples that were tested
with the warp direction parallel to the tensile direction, a linear decrease with
increasing temperature was recorded. Similar behaviour was observed for the fracture

stress, although linearity was not exactly followed. This work showed that the stress
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in this material was independent of the strain rate at very low strains, below about

0.5%.

In the second part of this work [91] the temperature dependence of the strain rate
sensitivity, A, was measured. The three regions of deformation that were observed for
the pure epoxy resin [64] were also found for the reinforced material and the
transition temperatures between the regions were the same for the reinforced material
as for the pure epoxy, substantiating the claim that the deformation characteristics of
woven glass cloth composites are determined by the behaviour of the matrix. In this
work it was noted that the strain rate sensitivity of the reinforced material was greater
than for the unreinforced epoxy. It was concluded that there was a stress concentration

effect due to the presence of the fibres that accounted for this observation.

The effect of strain rate on the longitudinal and transverse properties of S glass-epoxy
composites was examined by Daniel [92]. This work showed very little variability in
the elastic and strength properties, but there was an indication that the ultimate strain
might have increased at the highest strain rates used for both the longitudinal and
transverse directions. Interlaminar shear tests showed little change in the shear

modulus or strength with strain rate, but the ultimate strain was found to increase from

7 x 1073 to 13 x 1073 for a strain rate increase from 2.8 x 10™4s™! to 14 s71.

Some work has been carried out on the effects of temperature on the mechanical
properties of sheet moulding compounds by Springer [93]. This work was mainly
concerned with polyester resin SMCs but also considered an example using an epoxy
resin. The compression strength and modulus of all the SMCs decreased
approximately linearly with increasing temperature, although there was a suggestion

that the decrease was less at lower temperatures {figure 2.49}. The slope of the
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strength versus temperature response was strongly dependent on the material type and
testing direction but the slope of the compression modulus versus temperature
response was relatively independent of the material type. The flexural strength and

modulus showed similar trends to the compression tests.

Impact tests on SMCs by Johnson and Lynskey using a falling weight test, showed a
linear decrease in the failure energy with increasing temperature over the

range -196 °C to 120 °C [94]. The failure energy at 120 °C was about half of that
for -196 °C {figure 2.50}. Charpy tests showed that the decrease in impact energy
with temperature was dependent on the fibre volume fraction, with material having a

fibre volume fraction of 57% being less temperature sensitive than for 32%.

Work on carbon-epoxy specimens showed that the mode I interlaminar fracture

toughness decreased from 180 J m2 to 40 J m=2 for an increase in loading rate of four

orders of magnitude [95].

It has been reported that the rate dependency of composite toughness is similar to that
of the matrix toughness [96]. This work was concerned with the interlaminar fracture
toughness of unidirectional carbon-epoxy material tested in mode I and mode II
loading. It was found that the fracture toughness in both modes was independent of
the loading rate at slow speeds, but that high speeds the fracture toughness decreased
rapidly. Similar behaviour was observed for the crack tip plastic zone size, even

though the zone size was considerably greater than the inter-fibre distance.

Woven glass cloth-epoxy specimens as tested in compression at quasi-static and
impact rates, have been reported by Harding [83]. The compressive modulus of this

material was independent of the strain rate but the stress and strain to failure

Page 59



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

approximately doubled on increasing the strain rate from the quasi-static 7.4 x 1073 s7!

to the impact rate of 564 s~1.

2.2.2.2 Polyester Resin Matrix

Glass cloth-polyester specimens were tested in tension by Harding and Welsh over
seven orders of magnitude of strain rate, using the split Hopkinson pressure bar
(SHPB) [97,98]. The failure strength at impact rates was approximately twice as high
as at low strain rates. This trend was found for both the warp orientations investigated,
at 0° and at 45° to the tensile direction. The mode of failure was found to be different
with only a limited amount of fibre pull-out at low strain rate, but a large degree of

pull-out at impact speed.

The speed sensitivity of glass cloth-polyester composites is dependent on the type of
reinforcement [83]. Plain weave glass cloth-polyester material has been shown to be
more strain rate sensitive than the same resin containing a satin weave glass cloth.

Both types of material showed a nonlinear log. strain rate response of the elastic
modulus, as the increase in modulus for a strain rate increase from 104 to 10 s~! was

about 40%, while that from 10! to 1000 s™! was about 60% {figure 2.51}. Similar
behaviour was reported for carbon and Kevlar reinforced polyesters, implying that the

strain rate sensitivity of the matrix was more important than that of the reinforcement.

2.2.3 Conclusions of Composite Properties

Some general trends have been identified for both the monolithic resins and
composites incorporating these resins. The trends in the properties of the monolithic

resins have been summarised in section 2.2.1.1.3 for epoxy resins, but many of the
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trends are reflected in trends of the behaviour of the composite materials. These trends

can be summarised as follows:

1. Strength and stiffness both increase with increasing strain rate, the
increases being approximately linear with increasing log. strain rate.

2. Strength and stiffness decrease with increasing temperature, the decreases
being nonlinear and dependent on the strain rate.

3. The sensitivity of the properties to strain rate and temperature is
dependent on the fibre type and arrangement.

4. The strain rate sensitivity of the fracture toughness is dependent on the

fracture behaviour of the fibres as well as the matrix.
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Figure 2.1 Force-Displacement trace from an axially compressed composite tube that

underwent central catastrophic failure [19].

Figure 2.2 Chamfered tube shown in whole and in section (not to scale).
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Figure 2.3 Typical force-displacement trace from a Kevlar-epoxy tube [17].
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Figure 2.4 Specific energy absorption as a function of the fibre strain to failure for tubes
manufactured using two types of carbon fibres with different strains to failure in two different

epoxy resins and varying fibre arrangements [27].
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Figure 2.5 Plot of specific energy absorption as a function of the fibre stiffness for carbon-

epoxy tubes with different fibre orientations [27].
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Figure 2.6 (a) Plot of specific energy absorption as a function of the crush speed for circular

pultruded tubes with a polyester resin matrix [31].
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Figure 2.6 (b) Plot of specific energy absorption as a function of the crush speed for circular

pultruded tubes with a vinylester resin matrix [31].
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Figure 2.7 Plot of specific energy absorption as a function of the fracture toughness of the

bulk resin for filament wound tubes with additives in the basic polyester resin, Crystic 272
[30].
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Figure 2.8 Plot of specific energy absorption as a function of the tensile strength of the bulk

resin for filament wound tubes with additives in the basic polyester resin, Crystic 272 [30].
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Figure 2.9 Plot of specific energy absorption as a function of the Young's modulus of the bulk

resin for filament wound tubes with additives in the basic polyester resin, Crystic 272 [30].
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Figure 2.10 Plot of specific energy absorption as a function of the winding angle for filament

wound glass-polyester tubes [34,39].
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Figure 2.11 Plot of specific energy absorption as a function of the winding angle for carbon,

Kevlar and glass fibre reinforced tubes using an epoxy resin matrix [36].
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Figure 2.12 Specific energy absorption varying with proportion of hoop to axial fibres for

woven glass cloth-polyester tubes [34,39].
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Figure 2.13 Plot of specific energy absorption as a function of the fibre volume fraction for

carbon-epoxy tubes with varying lay-ups [36].
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Figure 2.14 Plot of specific energy absorption as a function of the number of layers in the tube

wall, hence the wall thickness [41].
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Figure 2.15 Plot of specific energy absorption as a function of the t/D ratio for glass cloth-
epoxy tubes [44,46].
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Figure 2.16 Plot of specific energy absorption as a function of the specific density for various

types of tube [17].
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Figure 2.17 (a) Plot of specific energy absorption as a function of the D/t ratio for carbon-

epoxy tubes [45].
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Figure 2.17 (b) Plot of specific energy absorption as a function of the t/D ratio for Kevlar-

epoxy tubes [45].
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Figure 2.19 (a) Plot of specific energy absorption as a function of the W/t ratio for square

section carbon-epoxy tubes [36].
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Figure 2.19 (b) Plot of specific energy absorption as a function of the W/t ratio for square

section Kevlar-epoxy tubes [36].
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Figure 2.20 Plot of specific energy absorption as a function of the tube corner radius for

square section tubes [43].
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Figure 2.21 Plot of specific energy absorption as a function of the crush speed

for filament wound glass-polyester tubes with two different fibre lay-ups [25].
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Figure 2.22 Plot of specific energy absorption as a function of the crush speed for filament
wound glass-polyester tubes with a winding angle of 90°/0°/0°/90°, incorporating various

amounts of C586 additives to the resin [30].
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Figure 2.23 Plot of specific energy absorption as a function of the crush speed for filament

wound glass-polyester tubes with additions of CRC 1080 to the base resin [30].
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Figure 2.24 Plot of matrix fracture toughness as a function of the testing speed for Scott
Bader Crystic 272 [33].
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Figure 2.25 Plot of specific energy absorption as a function of the test speed for chopped-

strand-mat-polyester tubes [21].
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Figure 2.26 Plot of specific energy absorption as a function of the crush speed for glass-

polyester tubes produced by resinjection with differing wall thicknesses [43].
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Figure 2.27 Plot of specific energy absorption as a function of the crush speed for glass-

polyester pultrusions [31].

GRAPHITE /D .035

, E:. GRAPHITE t/D .068 FIBRE/EPOXY TUBES
) y AXIAL COLLAPSE
: 0 GLASS /D .070
- B GLASS t/D .069
y v A
| o
: *
A ° :
i 0 . _
] 9 L (2 . e il . * ey
) = - [
S [}
1
s 1

0 I I I I I I

-2 -1 0 2 3 4 5
10 10 10 10 10 10 10 10

COMPRESSION RATE (IN/MIN)

Figure 2.28 Plot of specific energy absorption as a function of the crush speed for glass cloth-

epoxy tubes [17].
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Figure 2.29 Plot of specific energy absorption as a function of the crush speed for glass cloth-

epoxy tubes [60].
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Figure 2.30 Plot of specific energy absorption as a function of the crush speed for filament

wound glass-epoxy tubes with a lay up of 0-90° [33].
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Figure 2.31 Specific energy absorption as a function of the log. crush speed for a cellular

structure made from glass cloth-epoxy [50].
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Figure 2.32 Plot of specific energy absorption as a function of the crush speed for filament

wound glass:phenolic tubes [33].
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Figure 2.33 Specific energy absorption as a function of the testing speed for glass mat:acrylic

tubes with two different matrix resins [35].
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Figure 2.34 Plot of specific energy absorption as a function of the crush speed for pultruded

glass-vinylester tubes [31]. See also figure 2.6 (b).
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Figure 2.35 Specific energy absorption as a function of the crush speed for carbon-epoxy

tubes with differing ratios of hoop to axial fibres [25].
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Figure 2.36 Plot of specific energy absorption as a function of the test temperature for glass

and carbon fibre reinforced epoxy tubes [17].
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Figure 2.37 Plot of specific energy absorption as a function of the test temperature for

filament wound glass-polyester tubes with a fibre lay up of 0-90° [25].
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Figure 2.38 Crush modes as defined for glass cloth-epoxy tubes with varying t/D by Fairfull
[44,51]. Crush platens are shown at the top.

Figure 2.39 Fragmentation crush mode by Berry and Hull [60]. Crush platen is shown at the

bottom.
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Figure 2.40 Force distribution in the crush zone (shown for a type Il crush zone) [51].
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Figure 2.41 Stress-strain curves at different temperatures for an epoxy resin with a Tg of

about 423 K (150 °C) [64].
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Figure 2.42 Plot of the speed sensitivity of the tensile stress of an epoxy resin as a function of

the testing temperature [64].
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Figure 2.43 Plot of the Young’s modulus as a function of the testing temperature for an epoxy

resin with varying amounts of hardener [65-67].
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Figure 2.44 Plot of the tensile yield strength as a function of the testing temperature for an

epoxy resin with varying amounts of hardener [65-67].
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Figure 2.45 Plot of the shear yield strength as a function of the testing temperature for epoxy

resin with varying amounts of hardener [65-67].
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Figure 2.46 Plot of the loss tangent tan(d) as a function of the testing temperature for epoxy

resins [72].
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Figure 2.47 Plot of K|cj and K|ca as functions of the testing speed for an epoxy resin cured

for different times [65].
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Figure 2.48 Plot of K|cj and K|ca as functions of the testing temperature for an epoxy resin

cured with varying amounts of hardener [67].
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Figure 2.49 Strength and modulus of polyester resin matrix SMCs as functions of the test
temperature for both the longitudinal (L) and transverse directions of incorporated aligned
fibres (1 to 4 only) [93].
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Figure 2.50 Fracture energy as a function of the temperature for SMCs as measured by a

falling weight test [94].
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Figure 2.51 Tensile modulus as a function of the strain rate for glass cloth-polyester

specimens [83].
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3 Experimental Details

3.1 Preparation of Materials

Various types of tube were examined in this investigation; these were: commercial
glass cloth-epoxy, glass mat-polyester, resinject random filament glass mat-epoxy and
polyester, resinject glass cloth-epoxy and polyester, and pultruded glass-polyester

containing an inorganic filler. Some glass cloth-epoxy material was tested as flat plate.

3.1.1 Tufnol Tubes

Commercially available glass cloth-epoxy tubes were examined in this project. These
tubes were supplied by Tufnol Ltd. under their product code RLG/1. The
manufacturers described the tubes as being made of 80 weave glass cloth in an epoxy
matrix. Technical information on the material used in the manufacture of these tubes
gave a maximum continuous working temperature of 130 °C with an intermittent

working temperature of 150 °C [99].

These tubes were produced by pressure rolling pre-preg onto a hot steel mandrel, and
curing for two and a half hours at 135 °C before being removed from the mandrel
with a hydraulic press. The tubes were then ground to external dimensional tolerance
in a centre-less grinder. The nominal tube dimensions were 50 mm internal diameter
and 55 mm external diameter, giving a wall thickness of 2.5 mm and a t/D ratio of
0.048. The tubes were manufactured to comply with BS 6128 Part 8 for external and
internal dimensions, and eccentricity [100]. The dimensional tolerance of the tubes
was determined using vernier callipers and was found to be very good, within

+0.01 mm of the nominal values. The small number of tubes that were outside this
tolerance were discarded for the bulk testing of this project. Small variations within

the dimensional tolerance were not important as the calculation of specific crush
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stress from the crush loads allowed a degree of normalisation of dimensions that was
well within experimental scatter. Unless otherwise stated, "Tufnol tubes" refers to

tubes of this type with these dimensions.

The resin used was supplied by Ciba-Geigy under their product code 7065N75 but
with some modifications to the final chemistry for processing reasons. These
modifications were kept a closely guarded secret by the manufacturers. The resin was

described by Ciba-Geigy as an electrical laminating resin [101].

The dimensions of the glass cloth were measured by burning off the resin in an
electric furnace at 650 °C for about four hours. The thickness of the cloth normal to
the plane of the weave, t, was measured using vernier callipers and was found to be
0.16 mm. The repeat distances of the weave, w, in both the axial and hoop directions
were measured by counting the number of strands in a known length of cloth using a
low powered microscope. The strand frequency was 12 strands per cm, giving a repeat
distance, w, of 0.85 mm {figure 3.1}. In the wall thickness of 2.5 mm there were 15

layers of glass cloth.

The material density varied between tubes from 1.81 g cm™ to 1.91 g cm™3, giving a
mass per unit length of between 0.745 g mm~! and 0.790 g mm~!. Assuming a glass

density of 2.56 g mm~3 [40], a resin density of 1.2 g mm=3 [101] and a void volume

fraction of 1%!, the fibre volume fraction was about 53% to 55%.

119% was the approximate void volume fraction as determined by Fairfull for these tubes [51].
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3.1.2 Glass mat-polyester Tubes

Glass mat-polyester tubes were prepared by hand lay-up on polished, hardened steel
mandrels of 50 mm diameter and 1 m length, using a brush and roller technique

{figure 3.2}. The glass mat used was supplied by Fibreglas Ltd. under their product

name Supremat PB, being a powder bound chopped-strand-mat of "density" 450 g m=2
and a strand length of 25.4 mm (1 inch) [102]. The resin used in these tubes was a
high performance isophthalic polyester resin in a styrene monomer and was supplied
by Scott Bader Ltd. under the product name Crystic 272! [103]. The resin was cured
with 1 vol.% Catalyst M, a methyl ethyl ketone peroxide, and 0.8 vol.% Accelerator E,
a Cobalt naphthenate accelerator in a styrene monomer. These proportions of catalyst
and accelerator were recommended for cold curing. The tubes were cured at room
temperature for about 24 hours, during which they were continuously rotated to avoid
sagging, before being post cured at 80 °C for three hours in a forced convection oven,

and then oven cooled to room temperature.

At this stage dimensional control was very poor with an irregular wall thickness and
surface finish. The tubes were turned on a lathe (while still on the mandrel), to a
nominal external diameter of 54 mm, hence producing a wall thickness of 2 mm and a
t/D ratio of 0.038. Because of technical problems with the only available suitable lathe,
dimensional control was difficult and the external diameter of the tubes varied from
the nominal by typically 0.1 mm. Once a tube had been machined it was pressed off

the mandrel using a pneumatic press.

LI This resin was used in some of the work discussed in section 2.1.

Page 86



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

Burn off tests showed that these tubes had a fibre volume fraction of about 18% and a
void volume fraction of about 3%. These values were subject to a great deal of scatter,

typically £2%! for each value.

The dimensional difficulties and the variation of fibre volume fraction meant that a

large number of tubes had to be tested to be statistically confident of trends.

3.1.3 Resinject Tubes
The other main types of tubes used in this project were produced by resinjection. They
were produced by Moore Plastics of Dartford? and were financed by Ford Motor

Company Ltd.

These tubes were produced with two types of glass reinforcement, being woven cloth
and random filament mat, in two thermosetting resin matrices, an epoxy resin and a
polyester resin, giving four possible combinations. These tubes were denoted by four
letter abbreviations which described them. The code consisted of RJ, to denote
resinjection, P or E to denote a Polyester or Epoxy resin matrix and W or R to denote
Woven glass cloth or Random glass mat. For instance, a polyester resin tube
reinforced with woven glass cloth and produced by resinjection would be denoted

RJPW. This notation has been used throughout this thesis.

The woven glass cloth was Fothergil YO709, having 7-8 strands per cm and a
"density" of 200 g m=2. The random filament reinforcement was E-glass mat with a

"density" of 450 g m=2. This was supplied by Vetrotex (UK) Ltd. and was designated

Unifilo U750 [104]. The epoxy resin was supplied by Ciba-Geigy under their product

1Percentage of the total volume.
2 Who have subsequently closed down.
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code CY219 [105]. The polyester resin was the same as that used for the tubes as
described in section 3.1.2, i.e. Scott Bader Crystic 272 [103]. The polyester matrix
tubes were post cured at 80°C for three hours in a forced draught oven and then oven

cooled to room temperature. Ciba-Geigy did not recommend a post cure for CY219.

The dimensions of the tubes were: 50 mm internal diameter and 54 mm external
diameter, giving a wall thickness of 2 mm and a t/D ratio of 0.038. Dimensional
accuracy was very good, better than +£0.01 mm. Average mass per unit length values

and approximate fibre volume fractions for these tubes are given in table 3.1.

Reinforcement Matrix m/l vf
resin Gmm!| %

cloth polyester 0.57 42

mat polyester 0.48 24

cloth epoxy 0.56 40

mat epoxy 0.49 26

Table 3.1 Average properties of resinject tubes.

3.1.4 Flat Plate Specimens

Flat plate specimens, for testing in three-point-bend, were prepared from material
supplied by Tufnol Ltd. under their product code 10G/40. This material was identical
to the RLG/1 of the Tufnol tubes [99]. These specimens enabled the speed response of
the energy absorbing tubes to be compared to some basic mechanical properties of the

material.

Specimens were cut to size using a diamond cutting wheel. Nominal dimensions of

the test-pieces were: length 80 mm, width 10 mm and thickness 3 mm according to the
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CRAG 2.2 standard [106] {figure 3.3}. The dimensions were measured using vernier

callipers measuring to an accuracy of +0.01 mm.

3.1.5 Tubular Test Piece Preparation

Tubes were prepared for crush testing by cutting into suitable lengths, typically

75 mm to 120 mm, depending on the intended test, coded, measured for external
diameter and length, and weighed. The mass per unit length was then calculated for
each tube. 45° external chamfers were then machined using a lathe on one end of each

tube to act as triggers to initiate progressive crushing {figure 3.4} (section 2.1.3.6).

3.2 Crush Testing

Tests were performed on the tubes by subjecting them to either constant speed
crushing or impact testing on a 3 kJ crash rig. In all cases the tubes were crushed

against hardened steel platens with a ground finish.

3.2.1 Constant Speed Crushing

Constant speed crushing was carried out over a wide range of speeds from

0.0017mm s~ to 5m sL.

3.2.1.1 Low Speed

Constant, slow speed crushing of the different types of tube, was carried out on a
servo-hydraulic Instron model 8032 and on a screw driven Schenk-Trebel RM50. The

Instron was capable of a maximum load of 100 kN and a practical speed range of

0.002 mm s7! to 10 mm s~!. This testing machine was fitted with an environmental
chamber to enable testing over a temperature range of -150 °C to 350 °C {figure 3.5}.

The Schenk had a maximum load capacity of 50 kN, meaning that it could only be
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used for low crush load tubes. The speed range for this machine was 0.1 mm min~! to

500 mm min-! (0.0017 mm s7! to 8.3 mm s°1).

3.2.1.1.1 Instantaneous Speed Change Tests

To determine the speed dependence of tubes without encountering problems of
specimen variability, tests were performed by crushing tubes at one speed and then
changing the speed instantaneously by several orders of magnitude. These tests were

performed with the speed change being in both directions. The speeds that were used

were 0.002 mm s~! and 10 mm s~1. Typical crush traces for these tests are shown in
chapter 4, figures 4.58 to 4.64. These tests were carried out over a range of
temperatures in the environmental chamber to determine the speed sensitivity of
specific crush stress at different temperatures. The tubes were left for twenty minutes

to reach thermal equilibrium before testing commenced.

3.2.1.2 High Speed

High rate, constant speed crushing was carried out on a servo-hydraulic single shot
testing machine designed and built for the project at the Cranfield Institute of
Technology {figure 3.6}. This machine was capable initially of crush speeds up to
5m s°!, but subsequent modifications that were required for safety reasons, restricted
this speed to about 3.5 m s™1. At the high speeds, the signal was fed to a Gould storage

oscilloscope, model 4050, before obtaining a hard copy.
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3.2.2 Impact Testing

Impact tests were performed on a 3 kJ crash rig that was designed and built for the
project {figures 3.7}. The rig consisted of a sled, of effective mass! 11.7 kg, that was
mounted on polished steel rails which acted as bearing surfaces, the sled being
supported by PTFE bearings. The sled was free to run on the rails and was connected
to four bungee cords which were attached to the main frame of the rig at their other
end. The sled was winched back against the tension of the bungee cords, using an
electric winch, to a preset position. It was held at this position by a pneumatic catch
and the winch cable disconnected. The test-piece was then mounted onto the front of
the sled as a press-fit on a brass spigot, such that the axis of the tube was parallel to
the direction of travel of the sled. The entire rig was then rolled back on wheels, to
isolate it from external forces, and the safety screens closed. The sled was then
released from the preset position by the pneumatic catch, it was accelerated by the
bungee cords along the rails, and the test-piece impacted with a steel crush platen
connected to the frame of the rig. The crush platen was mounted on four load washers
(Kistler type 9021) and a signal was sent from these to a digital storage oscilloscope
where it was captured as a force-time trace {figure 3.8 (a)}2. A displacement
transducer was used to give a displacement-time trace on the oscilloscope, the

gradient of which gave the impact velocity {figure 3.8 (b)}.

It would have been desirable to use the signals from the load washers and

displacement transducer to obtain a force-displacement trace, the area under which

IThe mass has been quoted as the effective mass rather then the actual mass of the sled as the test piece
will have "seen" a contribution to the mass of the bungee cords. The effective mass was determined
from momentum balances on a number of crush traces.

2The distance Xph represents a bounce-back of the sled after the test. This is discussed in section
8.1.2.5.
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would have given the energy absorbed. However, there was an offset between the
signals of about 1 ms which made trying to obtain such a trace impractical. It would
be possible to overcome this problem using a pulsed laser device but the improvement

was felt too small to justify the extra cost.

For all except the highest speed tests, it was possible to obtain more than one test on
each tube. This was due to the amount of material being used up in each impact test
being proportional to the square of the impact velocity. The first tests were on tubes
with a chamfer trigger while subsequent tests started with the crush zone already

established from the previous tests.

Temperature dependence of energy absorption at high speed was investigated by

impact testing on the crash rig from 10 m s~1. These tests were performed by pre-
heating each tube in a furnace before removing the tube and fitting to the sled for
impact testing. Temperature control was not very precise, but this method provided a
guide to temperature dependence before the environmental chamber was
commissioned. There was typically a delay of about ten seconds between removing
the tube from the furnace and the test being carried out, during which time the tube
could cool. No measurement was made of the actual tube temperature at the moment
of testing, thus the temperatures quoted for these tests are upper bound temperatures.
Low temperature tests were carried out by immersing the tubes in liquid nitrogen
before testing. For these tests, the quoted values of temperature must be lower bound
figures. The tubes used in this investigation were Tufnol and glass mat-polyester. The
glass mat-polyester tubes gave problems of mounting onto the spigot for the low

temperature testing resulting from thermal contraction.
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3.3 Experimental Microscopy

After crush testing, sections through the crush zones of tubes were examined by

microscopy in order to determine the mechanisms involved during crushing.

3.3.1 Sample Preparation

The sectioning procedure consisted of mounting the crush zone in resin, sectioning

and polishing before microscopic examination.

Mounting of the crush zone was done under load, to try to eliminate the effects of
elastic relaxation on removal of the crush load after the crush test. The load was
applied using a screw operated mounting press {figure 3.9}. The mounting resin used
was Strand Resin C, a low viscosity, unsaturated polyester mounting resin in a styrene
monomer, catalysed with 1 vol.% catalyst M. Curing was achieved at room
temperature for about 24 hours before the mounted specimen could be removed from
the mould. The specimen was then sectioned on a diamond cutting wheel and
mounted for easier handling in Scandiplast 9101 mounting resin. Polishing then
followed normal metallographic procedures of grinding on silicon carbide papers of
grit size 180 to 1200, and polishing using diamond paste. After much experimentation,
it was found that the best results could be achieved by about 20 minutes of polishing
with 6 um diamond paste followed by about 5 minutes with 1 um diamond paste. This
combination, although not removing all the scratches from the grinding, was found to

give the best contrast between the fibres and the matrix.

3.3.2 Microscopy

After polishing, the sections were examined and photographed on a microscope. The
size of the sections caused problems with photography since they were too small to

photograph satisfactorily using a camera but were too large to be photographed in a
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single frame on a microscope. This problem was overcome by producing
photomontage's of the sections, from typically 30 frames. The microscopes used in
this examination were a Carl Zeiss and an Olympus BHM, both using a « 4 objective.
The film used was Ilford FP4 in 135 size. This film is designed for daylight usage, so

a daylight filter was used on the microscope.

The films were printed by contact printing. This method was used for reasons of speed
and economy, as well as producing a uniform magnification, if the same microscope

set up was used. It also eliminated any problems associated with focussing an enlarger.

For some specimens, it was found that a single photomicrograph could be taken on a
Wild MPS 45 microscope. The results obtained were however, of a low quality, hence

the move to the photomontage technique.

3.4 Other Experiments

Various experiments were performed to understand better the crushing process.

3.4.1 Bend Tests

Three point bend tests were performed on a screw driven Instron testing machine
model TT-CM-L. They were tested over a speed range of 0.5 mm min~! to

50 mm min~!. They were performed in accordance with CRAG 2.2 [106] {figure 3.3}.
All the bend tests were carried out at room temperature (22 °C). Although it would
have been desirable to extend this series of tests to cover speed-temperature

interaction, machine availability prevented this being done.

3.4.2 Length

The effect of the specimen length on the degree of serration of the crush trace, was

investigated. Three different types of tube were tested which were selected as they
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were known to display very different crush modes, ranging from little fibre fracture
and mainly fibre splaying, to large debris pieces breaking off with no fibre splaying.
Some tubes were supplied by Pultrex Ltd., being pultruded glass-polyester tubes with
an inorganic filler in the matrix which was thought to be calcium carbonate. The
fibres in these tubes were largely axially aligned with an outer covering of random
fibres to provide some hoop restraint. These tubes had an internal diameter of

38.7 mm and a wall thickness of 2.65 mm. They were tested over the length range of
58 mm to 720 mm. The other tubes were supplied by Tufnol Ltd. and were as
described in section 3.1.1, except one set of tubes had an internal diameter of 16 mm
and a wall thickness of 5.9 mm. This set of tubes were tested over the range of lengths
of 36.5 mm to 762 mm. The latter length was too long for stable crushing and the tube
failed by bending and catastrophic centre failure. The 2.5 mm wall thickness Tufnol

tubes were tested over the length range of 25.7 mm to 723 mm. These tests were

performed on the Instron 8032 at 0.5 mm s~!. Due to the crush reducing the tube
length during the test, the crush distance was kept to the minimum that enabled a

representative crush trace to be obtained. This was about 10 mm.

3.4.3 Residual Stresses

Residual stresses, resulting from differential thermal contraction of the fibres and
matrix were found in some of the tubes used in this project. To avoid any variability

of the elastic properties of the material, they were treated as strains rather than stresses.

3.4.3.1 Hoop Strains

Residual strains were present in the hoop direction of some of the tubes investigated.
These strains were detected resulting from the closing up of axial slits when they were

cut into rings cut from tubes of the material {figure 3.10}.
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The residual strain distribution was investigated by machining off layers of the
material and measuring the residual strain for that ring using the Crampton method
[107]. This method involved the slitting of the tube in the axial direction and
measuring the difference in external diameter before and after slitting. All the tubes
investigated were slit using a diamond saw and the dimensions measured using
vernier callipers measuring to an accuracy of +0.01 mm. The residual hoop strain €y,

was given by:

£h=t(DLi-DLa) (3.1)

where t was the wall thickness, D; and D, were the tube diameters initially and after

the tube was slit. This procedure was carried out for Tufnol tubes and the four

different types of resinject tubes.

3.4.3.2 Longitudinal Stresses

A glass cloth-polyester tube made by resinjection was examined to see whether the
residual hoop strains were accompanied by residual longitudinal strains. This type of
tube was chosen because they had been found to have the highest level of residual
hoop strain (section 4.7.1). The method used was that devised by Anderson and
Fahlman [107] of cutting a longitudinal tongue in the tube wall and measuring the
deflection of the end of the tongue from the outside of the tube wall {figure 3.11}.

The residual strain g was given by:

tf
0= (3.2)

where t was the tube wall thickness, f the deflection of the end of the tongue from the

tube wall and 1 the length of the tongue.
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3.4.3.3 Effect of Residual Stresses

To try to gain some insight into the effects of residual hoop stresses two polyester
matrix resinject tubes, one with each type of reinforcement, were cut into four
sections each, having been numbered along the tube. The even numbered tubes were
then post cured for one hour at 120 °C and then removed from the furnace and quickly
cooled to room temperature. The tubes were then chamfered at one end, the ends
being selected such that crushing would start from what had been the join between the
80 °C and 120 °C post cure sections {figure 3.12} thereby reducing the amount of

error resulting from specimen variations except for the post cure conditions. All the

tubes were then crushed at room temperature at a speed of 0.1 mm s-!.

3.4.4 Differential Scanning Calorimetry

A differential scanning calorimeter (DSC) was used to try to measure the Ty of the

various matrix materials and the specific heat capacity of the material. The machine

was a Perkin-Elmer DSC 7 and was used with a heating rate of 20 °C min~!. Typical
traces for the resin from the Tufnol tubes are shown in figures 3.13 and 3.14.
Although the resin for each test was from the same piece of material, they showed
different behaviours. Any explanation for this anomaly is outside the scope of this

work.
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Figure 3.3 Bend test specimen dimensions.
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Figure 3.4 Chamfer angle on the end of the tubes, shown in cross-section.
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Figure 3.6 Cranfield high speed testing machine.
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Figure 3.7 (a) 3 kd crash rig, from the instrumented head end.
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Figure 3.7 (b) Schematic plan view of the 3 kJ crash rig.
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Figure 3.8 (a) Force-time trace from the crash rig for a glass mat-polyester tube impact tested

from 10 m s~1.
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Figure 3.11 Longitudinal residual stress tongue.
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Figure 3.12 Orientation of the sections cut from polyester resinject tubes for investigation of

the effect of residual stresses.
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Figure 3.13 (a) DSC trace from the epoxy resin used in the Tufnol tubes.
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Figure 3.13 (b) DSC Trace from the epoxy resin used in the Tufnol tubes.
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4 Results

The main part of this section is concerned with the crush tests that constituted the
basis of this project. This is followed by the results from the other experiments,

particularly the bend tests and the measurement of residual strains.

4.1 Presentation of Crush Test Results

For most of the work that has been carried out, the crush ratio, as defined in section
1.4, could be taken as unity and the specific energy absorption used. However, some
work has been performed where the crush ratio was greater than unity, particularly at
high temperatures where the failure mode was one of shell buckling. For this work,
determining the crush ratio was difficult, so the concept of specific crush stress was
introduced. This quantity was calculated in the same way as the specific energy
absorption but the crush ratio was not required; specific crush stress being simply the
crush stress in the uncrushed tube wall divided by the material density. The physical
meaning was somewhat different to the specific energy absorption, because the stress
distribution in the crush zone was not considered, but trends were still relevant. The
specific crush stress was denoted by upper case sigma, =, sigma to indicate stress, and
upper case to designate a specific quantity. All the results from this investigation have
been quoted in terms of the specific crush stress for reasons of uniformity. This work
may be directly compared to the results presented in the literature review in section

2.1, where the results were quoted as specific energy absorption.

The units that were used formerly for specific energy absorption were kJ kg=!. These

units were reasonably in keeping with S.I. unit nomenclature (although x 103 J kg-!
would be more in keeping), and could be seen to be relevant to the quantity that was

being measured, being an energy term. Although the specific crush stress was often
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the same quantity as the specific energy absorption, and had the same units, quoting
the specific crush stress in terms of an energy per unit mass did not appear to be

immediately relevant. However, using S.I. nomenclature for a stress per unit density
would have given: N m~2/kg m=3, which was somewhat cumbersome and reduced
immediately to N m kg1, or J kg~!. Reducing the units to fundamental units would

have given m? s~2 which did not appear to have any immediate physical relevance,
and implied that the quantity being measured was simply velocity squared, clearly a
misleading situation, especially when considering speed sensitivity. One way round
this difficulty was to use the specific density of the material instead of the actual

density, as specific density is a dimensionless quantity and enabled the specific crush
stress to be quoted in terms of N m~2. Under these circumstances, ] MN m=2 =

1 kJ kg1, for a crush ratio of unity.

In this section, the presentation of the specific crush stress as a function of the crush

speed for constant speed crushing, has been made with the speed axis on a direct

reading logarithmic scale, calculated for crush speeds in mm s™!. However, the

equations that have been presented associated with these plots, have been based on

crush speeds calculated in m s~! and presented as a linear relationship of the specific
crush stress with the natural logarithm of the crush speed. The reasons for this were
that the graph presentation enabled reading of the speed directly while keeping the
axis labelling neat, and the equation presentation gave the value of speed sensitivity, A,
as defined in section 2.2.1.1.1, from the gradient while keeping to S.I. units. The line
equations presented associated with each plot were calculated from the data, after
suitable adjustment for units and axes; using an interpolation method incorporated in

the graph drawing package Cricket Graph 1.2, as used on the Apple Macintosh.
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4.2 Room Temperature Speed Results

This section has been divided according to the type of tube from which the results
were obtained. Results from constant speed crushing have been separated from those
from impact tests, unless a direct comparison was deemed appropriate. Constant speed
crush results have been presented with a logarithmic speed scale while those from
impact tests have been presented on a linear scale. The reason for the difference was
that the speed range for constant speed crushing was over, typically, five orders of

magnitude of speed while the impact tests were performed over less than one.

4.2.1 Tufnol Tubes

A plot of specific crush stress as a function of the crush speed on a logarithmic scale
for Tufnol tubes, is shown in figure 4.1. There was a clear trend to higher values of

specific crush stress at higher crush speeds and a logarithmic line fit was reasonable.

Figure 4.2 shows the specific crush stress as a function of the impact speed on a linear
scale, for tests performed on the crash rig. A trend to higher values of specific crush
stress with increasing impact speed was apparent from these data. These results were
from test pieces cut from the same tube, thus reducing the potential degree of scatter
resulting from variations between tubes. These results were divided into three sections,

according to the impact speed, for the purposes of performing a statistical analysis
using Student's t statistic. These sections were below 7m s7!, 10m s™! to 13 m s7! and

18 m s! to 20 m s™!. There were no results in the intervening sections. The results
from each section were compared with the results from the other two sections and in
all cases there was no significant similarity. This finding showed there was a definite
increase in the measured value of specific crush stress with increasing impact speed.

Although figure 4.2 was drawn with a straight line plot on a linear speed scale, if a
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logarithmic plot was used, then the value of R that was obtained, being a measure of
the fit of the line to the data, was the same as for the linear plot, indicating that the fit

of a logarithmic plot was as good as a linear plot.

A regularly observed feature of the impact tests on the Tufnol tubes was that the
initial impact, the tube having a chamfered end, gave a higher value of the crush load
than for the subsequent impacts. A statistical analysis was carried out and it was found
that there was no statistical similarity between the data obtained from the first impact
and from those obtained from subsequent impacts, indicating a real effect. This

observation is discussed in section 8.1.2.1.

All the impact tests that were performed on Tufnol tubes with the crush zone already
established, displayed an initial peak load before crushing commenced, similar to that
shown in figure 3.9 (a). It was observed that the higher impact speed tests tended to
give higher levels of the initial peak load, F;. Figure 4.3 shows the normalised peak

load, Fi/F, as a function of the impact speed showing a trend to higher values of F;/F

at higher speeds. The two main groups of data, 3m s™! to 5m s~ and 10 m s71, were
compared using the t-test and a significance of 0.016 found, meaning there was almost
certainly a trend to higher values of the normalised peak load at higher impact speeds.

This peak load is discussed in section 8.1.2.3.

4.2.2 Glass mat-polyester Tubes

Specific crush stress values obtained from constant speed crush tests on glass mat-
polyester tubes, are shown as a function of the crush speed on a logarithmic scale in
figure 4.4. Within the large amount of scatter in these results, there was no significant

speed sensitivity of the specific crush stress.
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Values obtained from similar tubes from impact tests on the crash rig are shown as a
function of the impact speed on a linear scale in figure 4.5. These results showed no

significant speed sensitivity of the specific crush stress.

A combination of the results in figures 4.4 and 4.5, is shown in figure 4.6 on a
logarithmic speed scale. This shows clearly that the values of specific crush stress
obtained from the impact tests were lower than those obtained from the constant speed
crush tests. The two sets of results were compared using Student's t statistic and a
significance of 0.000 was found, meaning there was no significant similarity between
the sets of results. Although the level of scatter in the results was great, there were
sufficient data available to enable a confident conclusion that high speed impact tests

gave lower levels of specific crush stress than slow speed crush tests for these tubes.
Mean values of specific crush stress can be given as being 59.7 MN m~2 for the slow

speed crushing and 48.4 MN m~2 for impact tests.

Comparisons between the results obtained from the initial impact and subsequent
impacts indicated that there might be a slight difference between the results (see
section 4.2.1). However, performing the same statistical analysis on these tubes
showed there to be no significant difference between the results obtained from the

first test and subsequent tests.

4.2.3 Resinjection Tubes

The results obtained from the tubes produced by resinjection have been divided;

initially according to the matrix used and then by the form of glass reinforcement.
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4.2.3.1 Polyester Matrix Tubes

Figure 4.7 shows a plot of specific crush stress as a function of the crush speed, on a
logarithmic scale, for RIPW tubes. It may be seen that there appeared to be a trend to

higher crush stress at higher crush speeds. The number of tests performed was small,

so the results from 0.001 mm s~! were compared with those from the higher speeds
using Student's t statistic. This showed that there was a significance of 0.016 which
meant that, at a 5% confidence level, there was no significant similarity between the
results. It can be concluded that there was a definite trend to higher crush stress at

higher speeds within the speed range investigated.

Figure 4.8 shows a plot of specific crush stress as a function of the impact speed, on a
linear scale, for RJIPR tubes. This plot showed no significant speed variability over
this range of speeds. This finding was consistent with the findings for the glass mat-

polyester tubes (see section 4.2.2). These tubes were not tested extensively at
constant speed but the few tests that were performed on the Instron at 0.5 mm s™! and

on the Cranfield at 3 ms~! indicated that the specific crush stress decreased with
increasing speed in this speed range. Comparison of the results obtained from the
impact tests and those from the Cranfield using Student's t-test, gave a significance of
0.000, meaning there was no significant similarity between the sets of results and that

the impact tests gave a lower value of specific crush stress than the Cranfield tests.

The mean values found were: 53.8 MN m~2 for 3 m s™! and 48.7 MN m~2 for the
impact tests. This finding was consistent with the behaviour of the glass mat-polyester

tubes.
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4.2.3.2 Epoxy Matrix Tubes

Figure 4.9 shows a plot of specific crush stress as a function of the crush speed on a
logarithmic scale, for RIEW tubes. This plot showed a definite increase in specific
crush stress with increasing speed; this being consistent with the behaviour of the
Tufnol tubes. Applying Student's t-test to these data, using paired data as the values
came from instantaneous speed change tests, gave a significance of 0.056, meaning
that the two data sets were probably significantly different, the low number of

observations limiting the confidence that can be placed in the data.

Figure 4.10 shows a plot of specific crush stress as a function of the impact speed on a
linear scale, for RIEW tubes. This plot showed a slight increase in specific crush
stress with increasing speed. Applying Student's t-test to these data, using unpaired
samples, gave a significance of 0.002 for the data between 5m s™! and 10 m s71,
indicating that there was probably a significant increase in specific crush stress with
increasing impact speed. However, there was no significant difference between the
values obtained at 10 m s~! and those from 20 m s7!, a significance of 0.303 being

calculated.

Figure 4.11 shows the specific crush stress as a function of the impact speed on a
linear scale, for RJER tubes. This plot indicated a possible slight increase in specific
crush stress with increasing velocity. However, applying Student's t-test to these data

using unpaired samples, gave a significance of 0.049, showing that there was probably
a significant difference between the data from 5 m s-! and those from 13 ms~1. A
significance of 0.07 was calculated when comparing the 5 m s™! values with those

obtained from 10 m s7!, indicating there might have been an effect. However, the
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variability between samples and the low number of tests carried out must lead to the

conclusion that no significant variation was observed.

4.3 Speed-Temperature Interaction

The results in this section have been divided into two main types for each type of tube,
speed sensitivity of the specific crush stress at different bulk temperatures, and
temperature sensitivity at different speeds. Each of these plots can be regarded as
being a vertical section through a three-dimensional plot of specific crush stress as a

function of the speed and temperature.

4.3.1 Tufnol Tubes

4.3.1.1 Speed Sensitivity at Different Temperatures

Figures 4.12 to 4.20 show the specific crush stress as functions of the crush speed for
Tufnol tubes from the series of tests performed with instantaneous speed changes over
a range of tube bulk temperature, from -90 °C to 110 °C. Some other results were
incorporated into these graphs where appropriate. These plots were made with a
logarithmic speed scale, and the lines drawn and best fit equations given, were
calculated using a computer graph drawing package as mentioned in section 4.1. All
the plots showed an increase in specific crush stress with increasing speed, the
magnitude of the increase being dependent on the temperature. This finding is

discussed further in sections 5.1 and 8.3.2.

4.3.1.2 Tufnol Temperature at Speed

Figures 4.21 to 4.24 show plots of the specific crush stress of Tufnol tubes as
functions of the test temperature over the speed range 0.002 mm s~! to 10 mm s7!, and

the impact tests from 10 m s™1. At the higher temperatures tested, the tubes collapsed
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by unstable buckling. The transition temperature between the frond splaying type of

crushing and buckling was dependent on the crush speed.

Figures 4.21 to 4.24 show a slight decrease in specific crush stress, on increasing the
temperature from the low temperatures tested to room temperature, followed by a

more rapid decrease as the temperature exceeded about 40 °C.

Figure 4.25 shows a test map of the different modes of collapse, showing a clear
transition from the normal frond-wedge-frond mode at low temperatures to a buckling
mode at higher temperatures. The transition, as taken from the uncertain mode points,

was both speed and temperature sensitive.

Figure 4.26 is a plot of the specific crush stress as a function of the reciprocal of the
absolute temperature, for two crush speeds. This plot was made for the purposes of

calculating activation energies for crushing.

4.3.2 Glass mat-polyester Tubes

The glass mat-polyester tubes were not tested extensively over a range of
temperatures but some tests were carried out on the crash rig after pre-heating as
described in section 3.2.2. Results from these tests are presented in figure 4.27.
Although the low temperature tests were performed after immersion in liquid nitrogen,
hence the results could be presented as having been at -196 °C, the actual temperature
was probably somewhat higher resulting from problems of fitting the tubes to the
mounting spigot on the sled, caused by thermal contraction. Thus the results have

been presented as being at about -150 °C.

The behaviour of these tubes was similar to that of the Tufnol tubes, but the decrease

in specific crush stress on increasing the temperature from liquid nitrogen immersion
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to room temperature was less, as was the decrease on increasing the temperature to
about 80 °C. It must be concluded that these tubes were less sensitive to the testing

temperature than the Tufnol tubes.

4.3.3 Resinject Tubes

Only results from the resinject tubes incorporating woven cloth reinforcement are
presented here extensively. This is because the random mat tubes collapsed unstably
at temperatures that were too low to enable any significant trends to be identified.
Typically they collapsed at temperatures above 60 °C, although some tubes collapsed

at even lower temperatures.

4.3.3.1 RJPW Speed at Temperature

Figures 4.28 to 4.35 show plots of the specific crush stress of RIPW tubes as
functions of the test speed, over the temperature range -20 °C to 90 °C. The specific
crush stress increased with increasing crush speed for all except the -20 °C tests. At

that temperature, there was no speed sensitivity of the specific crush stress. Two tests

were performed at -40 °C, at 0.002 mm s~! and 10 mm s~! but no difference was found

in the measured values of specific crush stress.

4.3.3.2 RJPW Temperature at Speed

Figures 4.36 to 4.40 show plots of the specific crush stress for RIPW tubes as
functions of the test temperature over the speed range 0.002 mm s~! to 10 mm s1.
Figure 4.41 shows the specific crush stress as a function of the reciprocal of the
absolute temperature for the extremes of the speed range as in section 4.3.1.2. All the
figures show a rapid decrease in specific crush stress with increasing temperature

above room temperature.
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4.3.3.3 RJPR Results

The results from the RJPR tubes are presented as a plot of specific crush stress as a
function of the test temperature for the two speeds investigated, in figure 4.42. The
specific crush stress as a function of the reciprocal of the absolute temperature is

shown in figure 4.43.

4.3.3.4 RJEW Speed at Temperature

Figures 4.44 to 4.50 show the specific crush stress as a function of the crush speed for
RJEW tubes over the temperature range -40 °C to 85 °C. These plots show an increase
in specific crush stress with increasing speed, the magnitude of the increase being

dependent on the temperature. This is discussed further in sections 5.1 and 8.3.2.

4.3.3.5 RJEW Temperature at Speed
Figures 4.51 to 4.56 show plots of the specific crush stress for RIEW tubes, as
functions of the test temperature, over the speed range 0.002 mm s~! to 10 mm s-!.

These plots show similar behaviour to the Tufnol tubes.

Figure 4.57 shows the specific crush stress as a function of the reciprocal of the

absolute temperature for the extremes of the speed range as in section 4.3.1.2 above.

4.4 Instantaneous Speed Change Crush Traces

Figures 4.58 to 4.64 show the force-displacement responses of Tufnol tubes tested at
temperatures ranging from -90 °C to 80 °C, incorporating a change in the crush speed
after the crush had progressed about 20 mm. Speed changes in both directions are
shown. These traces show several noteworthy features, both as a result from the

change in speed and the differences in temperature between the tests. In all cases, the
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lower crush speed (0.002 mm s7!) is distinguishable by the greater thickness of the
line. This was because of instability of the chart recorder when used at such a slow

speed, this stage of the crush taking about three hours to complete. In all cases, the

mean crush load was higher for the faster speed crush (10 mm s1).

The transition between the speeds is shown clearly in the traces from tests at 22 °C
and 60 °C. In each case the load took a short distance to settle down to a constant
mean level after the speed change. This distance can be seen to be present in all the
traces, independent of the speed change direction. The transition is clearest in the
traces for 60 °C. In both tests the crush load took about 3 mm of crush distance to

settle down to the equilibrium mean value for that speed and temperature.

One significant difference between the speed change directions was the presence of a
load peak immediately after the speed change from slow to fast, after which the crush
load settled down to an equilibrium mean value. The traces for the speed change from
fast to slow showed a drop in load. However, this load drop was accompanied by a
reverse movement of the signal from the displacement transducer which was
recovered on further crushing, implying that it was because of a testing machine

response instead of a material response.

The other major observation that was made from these traces concerned the degree of
serration of the crush trace. The traces obtained from the -90 °C tests had a much
higher degree of serration than those tested at higher temperatures. Generally, it was
found that the degree of serration decreased with increasing temperature. It was
difficult to make any firm conclusions regarding the effect of the speed on the degree
of serration as, at low speeds, it was dependent to some extent on the stability of the

load cell signal and the chart recorder while the serrations at higher speeds were
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dependent on the speed of response of the chart recorder. However, the degree of

serration observed in the -90 °C, 10 mm s7! test implied that the latter problem might

only have been of significance in those tests.

4.5 Length Test Results

The figures measured for the level of serration of the crush traces were normalised
with relation to the mean crush load to enable comparisons between different tubes to

be made.

Figures 4.65 to 4.67 show the normalised level of serration of the crush traces as
functions of the tube length, for the three types of tube described in section 3.4.2. In
each of the plots, the tube length has been presented as the mean tube length. This was
due to the length of the tube changing during the crush. The mean length was taken as

being the original tube length, minus half the crush distance.

Although best fit lines indicated trends in the level of serration, the degree of scatter
indicated that there was no clear dependence on length of the degree of serration of

the crush trace for the tubes tested in this study.

4.6 Bend Test Results

Figures 4.68 to 4.70 show the flexural modulus, flexural strength and flexural strain to
failure respectively, for Tufnol 10G40 flat plate material, as functions of the cross-
head speed on a logarithmic scale. The flexural modulus showed a linear decrease
with log. speed over the range tested while both the flexural strength and strain to
failure showed linear increases. However, applying Student's t-test to these data

showed that there was no significant trend in the modulus results while both the
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strength and strain to failure results showed significant increases with increasing

speed.

4.7 Residual Strains

Two types of residual strains were investigated in the tubes, being hoop strains and

longitudinal strains.

4.7.1 Hoop Strains

Residual strains were found to be present in the hoop direction of the Tufnol tubes and
the glass-polyester tubes produced by resinjection. No measurable residual hoop

strains were found in either type of resinject glass-epoxy tubes.

The residual strain distribution as a function of the wall thickness was found to be as
given in tables 4.1 to 4.3, and shown in figures 4.71 to 4.73. It should be noted that
while the figures given for the strains are quoted as being positive, all the measured

strains were compressive.

t £
mm %
0.90 0.032
1.12 0.045
1.24 0.049
1.64 0.058
1.91 0.055
2.15 0.067
2.41 0.076
2.52 0.062

Table 4.1 Residual strain measured as a function of the wall thickness for a Tufnol tube.
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t £
mm %
0.67 0.039
0.95 0.069
1.33 0.115
1.64 0.128
1.99 0.133

Table 4.2 Residual strain measured as a function of the wall thickness for a RJIPW tube.

t £
mm %
0.07 0.033
0.66 0.030
0.93 0.090
1.21 0.089
1.50 0.082
1.77 0.130
1.96 0.111

Table 4.3 Residual strain measured as a function of the wall thickness for a RJPR tube.

It can be seen that, for the tubes investigated, the strain increased with increasing wall

thickness. Residual strains are dealt with further in section 5.2.

4.7.2 Longitudinal Strains
The presence of longitudinal residual strains was investigated as described in section

3.4.3.2.

An RJIPW tube was the only one tested for longitudinal residual strains, as this type of

tube had shown the highest level of residual hoop strain.

Page 119



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

No measurable deflection of the tongue was found when measured using vernier
callipers. It was deduced that there was no significant residual strain in the

longitudinal direction.
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Figure 4.1 Plot of specific crush stress as a function of the crush speed for Tufnol tubes.
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Figure 4.2 Plot of specific crush stress as a function of the impact speed for Tufnol tubes.
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Figure 4.3 Plot of Fj/F as a function of the impact speed for Tufnol tubes.
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Figure 4.4 Plot of specific crush stress as a function of the crush speed on a logarithmic scale

for glass mat-polyester tubes.
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Figure 4.5 Plot of specific crush stress as a function of the impact speed on a linear scale for

glass mat-polyester tubes.
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Figure 4.6 Comparison of the specific crush stress of glass mat-polyester tubes tested in

constant speed crushing (#) or impact (+).
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Figure 4.7 Plot of specific crush stress as a function of the crush speed for RIPW tubes.
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Figure 4.8 Plot of specific crush stress as a function of the impact speed for RJPR tubes.
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Figure 4.9 Plot of specific crush stress as a function of the crush speed for RIEW tubes.
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Figure 4.10 Plot of specific crush stress as a function of the impact speed for RIEW tubes.
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Figure 4.11 Plot of specific crush stress as a function of the impact speed for RJER tubes.
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Figure 4.12 Plot of specific crush stress as a function of the crush speed for Tufnol tubes
tested at-90 °C.
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Figure 4.13 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at -20 °C.
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Figure 4.14 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at 50 °C.
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Figure 4.15 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at 60 °C.
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Figure 4.16 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at 70 °C.
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Figure 4.17 Plot of specific crush stress as a function of the crush speed for Tufnol tubes
tested at 80 °C.
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Figure 4.18 Plot of specific crush stress as a function of the crush speed for Tufnol tubes
tested at 90 °C.
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Figure 4.19 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at 100 °C, the results from tubes that collapsed by buckling having been excluded.
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Figure 4.20 Plot of specific crush stress as a function of the crush speed for Tufnol tubes

tested at 110 °C, the results from tubes that collapsed by buckling having been excluded.
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Figure 4.21 Plot of specific crush stress as a function of the test temperature for Tufnol tubes

tested at 0.002 mm s-1.
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Figure 4.22 Plot of specific crush stress as a function of the test temperature for Tufnol tubes

tested at 0.5 mm s~1.

Page 131



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

100

80

60

MNm?2 40

-100 -50 0 50 100

T
°C

Figure 4.23 Plot of specific crush stress as a function of the test temperature for Tufnol tubes

tested at 10 mm s~1.
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Figure 4.24 Plot of specific crush stress as a function of the test temperature for Tufnol tubes

impact tested from 10 m s
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Figure 4.25 Map of the different basic modes of failure for Tufnol tubes as functions of speed

and temperature. Ty is the transition temperature.
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Figure 4.26 Plot of specific crush stress as a function of the reciprocal absolute temperature

for Tufnol tubes. + denotes a speed of 0.002 mm s™! and ¢ denotes a speed of 10 mm s™1.
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Figure 4.27 Plot of specific crush stress as a function of the test temperature for glass mat-

polyester tubes impact tested from 10 m s
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Figure 4.28 Plot of specific crush stress as a function of the crush speed for RIPW tubes
tested at-20 °C.
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Figure 4.29 Plot of specific crush stress as a function of the crush speed for RIPW tubes

tested at 0 °C.
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Figure 4.30 Plot of specific crush stress as a function of the crush speed for RIPW tubes

tested at 40 °C.
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Figure 4.31 Plot of specific crush stress as a function of the crush speed for RIPW tubes

tested at 50 °C.
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Figure 4.32 Plot of specific crush stress as a function of the crush speed for RIPW tubes

tested at 60 °C.
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Figure 4.33 Plot of specific crush stress as a function of the crush speed for RIPW tubes
tested at 70 °C.
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Figure 4.34 Plot of specific crush stress as a function of the crush speed for RIPW tubes
tested at 80 °C.
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Figure 4.35 Plot of specific crush stress as a function of the crush speed for RIPW tubes

tested at 90 °C.
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Figure 4.36 Plot of specific crush stress as a function of the test temperature for RIPW tubes

tested at 0.002 mm s-1.
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Figure 4.37 Plot of specific crush stress as a function of the test temperature for RIPW tubes

tested at 0.01 mm s-1.
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Figure 4.38 Plot of specific crush stress as a function of the test temperature for RIPW tubes

tested at 0.1 mm s~1.

Page 139



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

50
40
30
MNm?2 20

10

20 40 60 80 100 120

Figure 4.39 Plot of specific crush stress as a function of the test temperature for RIPW tubes

tested at 0.5 mm s~1.
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Figure 4.40 Plot of specific crush stress as a function of the test temperature for RIPW tubes

tested at 10 mm s~1.
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Figure 4.41 Plot of specific crush stress as a function of the reciprocal absolute temperature

for RIPW tubes. + denotes a speed of 0.002 mm s~1 and ¢ denotes a speed of 10 mm s1.
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Figure 4.42 Plot of specific crush stress as a function of the test temperature for RUPR tubes.

+ denotes a speed of 0.002 mm s™! and ¢ denotes a speed of 10 mm s1.

Page 141



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

80

2=-94+ 49600_1|_

)
— 1
MNm2 H Z=-189+75600T
20 1
0 ‘ ! ‘
0.0030 0.0031 0.0032
1
K

Figure 4.43 Plot of specific crush stress as a function of the reciprocal absolute temperature

for RJPR tubes. + denotes a speed of 0.002 mm s~1 and ¢ denotes a speed of 10 mm s™1.
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Figure 4.44 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at -40 °C.
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Figure 4.45 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at -20 °C.
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Figure 4.46 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at 60 °C.

Page 143



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

50

40

30

MNm™2 20 |

10 [

.001 .01 1 1 10 100

Figure 4.47 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at 70 °C.
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Figure 4.48 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at 75 °C.
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Figure 4.49 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at 80 °C.
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Figure 4.50 Plot of specific crush stress as a function of the crush speed for RIEW tubes
crushed at 85 °C.
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Figure 4.51 Plot of specific crush stress as a function of the test temperature for RUEW tubes
tested at 0.002 mm s~1.
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Figure 4.52 Plot of specific crush stress as a function of the test temperature for RUEW tubes

tested at 0.01 mm s-1.
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Figure 4.53 Plot of specific crush stress as a function of the test temperature for RUEW tubes

tested at 0.1 mm s~1.
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Figure 4.54 Plot of specific crush stress as a function of the test temperature for RUEW tubes

tested at 0.5 mm s~1.
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Figure 4.55 Plot of specific crush stress as a function of the test temperature for RUEW tubes

tested at 1 mm s~1,
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Figure 4.56 Plot of specific crush stress as a function of the test temperature for RUEW tubes

tested at 10 mm s~1.
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Figure 4.57 Plot of specific crush stress as a function of the reciprocal absolute temperature

for RIEW tubes. + denotes a speed of 0.002 mm s~1 and ¢ denotes a speed of 10 mm s1.
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Figure 4.58 Force-displacement trace from a Tufnol tube instantaneous speed change test

at-90 °C, speeds were 10 mm s~1 then 0.002 mm s~7.
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Figure 4.59 Force-displacement trace from a Tufnol tube instantaneous speed change test

at-90 °C, speeds were 0.002 mm s~! then 10 mm s~7.
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Figure 4.60 Force-displacement trace from a Tufnol tube instantaneous speed change test at

22 °C, speeds were 10 mm s~ then 0.002 mm s~7.
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Figure 4.61 Force-displacement trace from a Tufnol tube instantaneous speed change test at

22 °C, speeds were 0.002 mm s~! then 10 mm s~7.
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Figure 4.62 Force-displacement trace from a Tufnol tube instantaneous speed change test at

60 °C, speeds were 10 mm s~ then 0.002 mm s~7.
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Figure 4.63 Force-displacement trace from a Tufnol tube instantaneous speed change test at

60 °C, speeds were 0.002 mm s~! then 10 mm s~7.
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Figure 4.64 Force-displacement trace from a Tufnol tube instantaneous speed change test at

80 °C, speeds were 10 mm s~ then 0.002 mm s~7.
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Figure 4.65 Plot of the normalised magnitude of serration as a function of the tube length for

Tufnol tubes.
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Figure 4.66 Plot of the normalised magnitude of serration as a function of the tube length for
Tufnol tubes with a t/D of 0.27.
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Figure 4.67 Plot of the normalised magnitude of serration as a function of the tube length for
Pultrex tubes with a t/D of 0.064.
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Figure 4.68 Plot of flexural modulus as a function of the cross-head speed on a logarithmic
scale for Tufnol 10G40.
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Figure 4.69 Plot of flexural strength as a function of the cross-head speed on a logarithmic
scale for Tufnol 10G40.
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Figure 4.70 Plot of the flexural strain to failure as a function of the cross-head speed on a

logarithmic scale for Tufnol 10G40.
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Figure 4.71 Plot of the residual hoop strain as a function of the tube wall thickness for a

Tufnol tube.
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Figure 4.72 Plot of residual hoop strain as a function of the wall thickness for an RJIPW tube.
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Figure 4.73 Plot of the residual hoop strain as a function of the wall thickness for an RJPR

tube.
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5 Data Analysis

Two main types of data analysis were performed, these were: the calculation of the
speed sensitivity of the specific crush stress for the various different tubes tested, and
the residual strain distributions in the individual layers of the tubes after machining

off the outer layers.

5.1 Speed Sensitivities

From the data obtained from the crush tests performed in the environmental chamber,
incorporating instantaneous speed changes, it was possible to obtain a numerical basis
to indicate speed sensitivity. Two different ways of calculating the speed sensitivity

have been used, although they are closely related.

From the literature (section 2.2.1.1.1, equation 2.4 [64]) a speed sensitivity, A, was

defined as being:
Ao
A= (82) (5.1
In 3

where Ao was the change in tensile stress for a strain rate change of € to €, . This was
the slope of the s versus In(€) trace, assuming a straight line fit. Equation 5.1 was

adapted for the case of progressive crushing by replacing the tensile strength by the

specific crush stress and the strain rate by the crush speed v.. This gave:

(5.2)

In this case the value of A had units of MN m~2. As the values of A were only for a
comparison, their absolute values were not important. Each value of A was taken from

the gradient of the plots of specific crush stress versus the natural logarithm of the
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crush speed. The plots in chapter 4 all show the plots as a function of the actual speed
on a logarithmic scale. This assumed that the straight line fits to each of these data

sets was valid, this is discussed in section 8.1.1.1.

The calculation of A enabled the calculation of an activation energy for the process,
AH. This was done by considering the temperature sensitivity of the specific crush
stress at the speed in question and equating it with the calculated value of A. If the
slope, m, of the plot of specific crush stress versus the reciprocal of the absolute

temperature was determined, then AH was given by:

mk

AH == (5.3)

where k was Boltzmann's constant.

Plots of A and AH as functions of the test temperature are given in figures 5.1 to 5.8

for Tufnol, RIPW, RJPR and RJEW tubes.

5.2 Residual Strain Distributions

The residual strain distributions for Tufnol and resinject polyester resin matrix tubes
have been shown in figures 4.71 to 4.73. However, as the machining was all done
from the outside of the tube, the strains measured were for the total wall remaining.
As the strains measured increased towards the outside of the tube wall, the
contribution to the total strain from the internal plies was less than for the outer plies.
From the figures given in tables 4.1 to 4.3 it was possible to calculate the actual local
residual strain distributions in these tubes. To do this the strains were converted to

forces. From Crampton [107]:
oh=E't (L L) (5.4)
b =D "D, '
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where oy, was the hoop stress and E' was given by:

E

BT

(5.5)

where E was the Young's modulus and v the Poisson's ratio. In this case t| was the
g

thickness of the layer in question. As stress is defined as being the force per unit area,
this could be converted to a force by multiplying by the area of the tube wall normal

to the hoop direction ap, which was given by:

ah =t 1 (5.6)

where | was the length of the tube. Thus the force on the section R was given by:

El (1 1) (5.7)

~(1-v2)\D; "D,

When working from the figures given in tables 4.1 to 4.3, the values of E, v and 1

could be taken as constants so it was possible to define a constant S as:

El
S= 1-v2) (5.8)
Thus:
1 1)
—12Ql—_—
R=t; S(Di D, (5.9)

The value of the force R, was the total force over the wall thickness. By subtracting
the force on the remainder of the tube, after that layer had been removed, it was
possible to determine the force on that layer and thus evaluate the strain on that layer.
This strain, to a reasonable approximation, may be said to have been acting at the
centre of that layer, so that a strain distribution could be given as in tables 5.1 to 5.3

and drawn as in figures 5.9 to 5.11.
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t £
mm %
0.45 0.032
1.01 0.100
1.18 0.084
1.44 0.086
1.78 0.040
2.03 0.186
2.28 0.126
2.46 -0.23

Table 5.1 Residual strains in individual layers as a function of the distance of the centre of the

layer from the inner edge of the tube for a Tufnol tube.

t £
mm %
0.34 0.040
0.81 0.139
1.14 0.231
1.49 0.186
1.82 0.155

Table 5.2 Residual strains in individual layers as a function of the distance of the centre of the

layer from the inner edge of the tube for an RIPW tube.
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t £
mm %
0.035 0.003
0.365 0.033
0.795 0.238
1.070 0.087
1.355 0.051
1.635 0.400
1.865 -0.07

Table 5.3 Residual strains in individual layers as a function of the distance of the centre of the

layer from the inner edge of the tube for an RJPR tube.

It should be noted that the residual strains have been found to be greater than 10% of
the failure strain in bending, as measured for the Tufnol flat plate material, of about
2% (see section 4.6). While the great majority of the strains were compressive, in
some cases the layer residual strains were found to be tensile, particularly at the
outside of the tubes. It should be noted that the figures calculated in this analysis were
subject to a high degree of error in their measurement. An error analysis was
performed based on the precision of the vernier calipers used to make the
measurements (+£0.01 mm). This error analysis has been illustrated in the plots of layer
strain versus the mid layer position as error bars. During measurement of the
dimensions after slitting, a great deal of care was taken to ensure that no pressure was
exerted on the ring which would have distorted the ring and caused large deviations
from the true value. However, it is very possible that some pressure was exerted and

that the results might have been severely affected.
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Figure 5.1 Plot of the speed sensitivity A as a function of the test temperature for Tufnol tubes.
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Figure 5.2 Plot of activation energy for crushing as a function of the test temperature for
Tufnol tubes tested at 0.002 and 10 mm s™1.
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Figure 5.3 Plot of the speed sensitivity A as a function of the test temperature for RIPW

tubes.
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Figure 5.4 Plot of activation energy for crushing as a function of the test temperature for
RJPW tubes.
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Figure 5.5 Plot of the speed sensitivity A as a function of the test temperature for RUPR tubes.
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Figure 5.6 Plot of activation energy for crushing as a function of the test temperature for
RJPR tubes.
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Figure 5.7 Plot of the speed sensitivity A as a function of the test temperature for RIEW

tubes.
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Figure 5.8 Plot of activation energy for crushing as a function of the test temperature for
RJEW tubes crushed at 10 mm s™1.
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Figure 5.9 Residual hoop strain distribution through the thickness of a Tufnol tube.
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Figure 5.10 Residual hoop strain distribution through the thickness of an RJPW tube.
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Figure 5.11 Residual hoop strain distribution through the thickness of an RJPR tube.
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6 Photography
Two types of photography were used in this project; micrography of sections through
the crush zones of various tubes and macro photography of tubes after testing to show

more global effects.

6.1 Crush Zone Micrographs

Figures 6.1 to 6.21 show sectional micrographs of the crush zones of various Tufnol
tubes after testing and preparation as described in section 3.3.1. These micrographs
were taken using the photomontage technique as described in section 3.3.2. Figures
6.22 and 6.23 show schematics of the crush zones for Tufnol tubes tested at room
temperature and at about 80 °C, based on the observations made on figures 6.1 to 6.5,
6.18 and 6.19. These schematics show most of the important features which are

discussed in section 8.4.1.

Figures 6.24 and 6.25 show sectional micrographs through the crush zones of
glass mat-polyester tubes tested at room temperature. These micrographs were each

taken as a single frame as described in section 3.3.2, on the Wild microscope.

6.1.1 Tufnol Tubes

These tubes were tested over a range of speeds and temperatures and showed a variety
of features in the crush zones. Most of the tubes showed a frond-wedge-frond type of
crush zone, although there was a substantial variation in their detail features. Some
other forms of crush zone were also displayed, particularly involving a high degree of

fragmentation.

This section gives a description of the main features of each cross section. For a

discussion of the meaning the features see section 8.4.1.

Page 168



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

Each micrograph has been photographically enlarged. As the degree of frond splaying
varied, it was not possible to use the same magnification while keeping the
micrographs within page size constraints and showing the main features. The scale of
the micrographs can be taken from the tube wall thickness which was 2.5 mm for the

Tufnol tubes. In each case the external side has been labelled.

6.1.1.1 Room Temperature Constant Speed Tests

Figures 6.1 to 6.7 show sections through the crush zones of tubes crush tested at room
temperature and constant speed. These sections cover the speed range of 0.01 mm s-!

to 1.5m sl

The sections from 0.01 mm s~! {figures 6.1 and 6.2} showed a large difference
between the behaviour of the internal and external debris as the internal debris was
subjected to a high degree of delamination while the external debris was less
fragmented and showed the presence of hackles. These hackles are discussed in detail
in section 8.4.1.1. Both of the sections showed the presence of a debris wedge, in both

cases slightly displaced towards the inside of the tube.

Figures 6.3 to 6.5 show sections taken from tubes crushed at 10 mm s™!. The most
significant feature of these sections was the presence of hackles in both the internal
and external fronds. However, although all the sections exhibited hackles, they did not
all feature hackles on both internal and external fronds, only the section shown in
figure 6.3 had hackles on both fronds. Figure 6.4 shows hackles on the internal fronds
with no hackles on the external fronds. In this section, the external fronds fragmented

and showed some degree of matrix deformation as detected by void flattening. All the

sections for 10 mm s~! showed a distinct debris wedge. The wedge was approximately
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central in the tube wall but figures 6.4 and 6.5 show a slight off-set, externally in
figure 6.4 and internally in figure 6.5, in each case away from the frond exhibiting
hackles. The radius of curvature of the wedge-frond interface was approximately

3.2 mm.

Figures 6.6 and 6.7 show sections through crush zones of tubes tested at 0.5 ms~! and

1.5 m s7! respectively. Both tubes showed a high degree of fragmentation and
delamination in the debris. Figure 6.6 shows a suggestion of the presence of hackles
in the external frond but there was no suggestion of hackles at the higher speed.
Figure 6.7 shows a high void content which could account for the level of
delamination in this section. This feature might have obscured any genuine speed

effects.

6.1.1.2 Room Temperature Impacts

Figures 6.8 to 6.13 show sections through the crush zones of tubes that were impact

tested from 5m s, 10m s~! and 20 m s~1.

Figures 6.8 and 6.9 show sections through a tube impact tested from 5 m s-!. Both
these sections showed a distinct debris wedge with fronds that contained a degree of
delamination. The fronds showed a lesser degree of fragmentation than those from the
higher speed tests but they appeared to have had little integrity compared with those
from the lower speed tests. In each case a centre wall crack was shown clearly. Shear
fractures were observed in the impact tested sections {figures 6.10 to 6.13} but were
not as apparent in the lower speed impact sections as in the sections from higher

speeds.
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The two sections from the tube impact tested from 10 m s™! {figures 6.10 and 6.11}
showed a high degree of fragmentation in both the internal and external debris. A

debris wedge could be discerned in figure 6.10, shear cracks were also apparent.

The 20 m s™! impact sections showed a large degree of fragmentation with
delamination in the fronds and a clear debris wedge {figures 6.12 and 6.13}. One
feature that was of note was the apparent shear crack between the wedge and the edge
of the tube wall. In figure 6.12 the shear crack ran from the wedge to the inside of the
tube while in figure 6.13 the crack ran to the outside of the tube. These two sections
were taken from the same tube, being cut such that they were approximately
diametrically opposite each other. It is noteworthy that, in each case, the crack ran to
the side that was further from the wedge, meaning that it will have had to propagate
through the greater amount of material. This observation might have been because of
the difference in bend stiffness of the two sets of debris!. Similar shear cracks were

observed in sections from lower speed tests but they were not as clear {figures 6.6 to

6.11}.

6.1.1.3 Low Temperature Impacts

Figures 6.14 and 6.15 show sections through the crush zone of a tube impact tested
from 10 m s™! after immersion in liquid nitrogen, the temperature of the tube at the
moment of impact being below -110 °C2. This test represented one extreme of the test

conditions, high speed and low temperature. Although these sections were from the

same tube, the crush zone morphologies of the two sections were very different

IThis would indicate that the cracks were not formed by simple shearing alone. However they are
termed "shear" cracks for reasons of brevity.

2This was estimated from consideration of the extrapolated temperature of buckling for impact tests.
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although in both cases very little matrix deformation occurred and a high degree of
fracture was apparent. The size of the pieces of debris was approximately constant at
about 2.5 mm in length, the same as the wall thickness of the tube. This observation
could simply have been a coincidence, as this dimension was for the length of the
fragment which was originally in the axial direction instead of a through thickness
piece. This tube was impact tested several times before mounting and sectioning to
produce the micrographs. However, the crush distance for each impact test was about
9 mm, so that the size of the debris pieces was smaller than the crush distance, thus
the debris as seen in the micrographs was formed in a single impact. There appeared
to be a high degree of interlaminar fracture, as well as through thickness fracture,
which was probably due to bending of the debris to remove it from the crush zone.
The differences between the two sections appeared to be due to the presence of voids.
In the tube shown in figure 6.14, where there was a clear centre wall crack and the
void content was much higher than in figure 6.15, where no centre wall crack was
apparent. Close examination of the sides of the crack showed that the path of the
crack was along the fibre-matrix interface and through voids. Although figure 6.15
showed no centre wall crack, two cracks were present about 0.7 mm from the outside
of the tube wall on either side. These were probably due to a localised effect, the need
for the material between the two cracks to be moved away from the crush zone
meaning that this geometry would not have remained if crushing had progressed

further.

6.1.1.4 High Temperature Crushes

Figures 6.16 to 6.21 show sections from tubes crush tested at 0.5 mm s™! at

temperatures above room temperature.
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6.1.1.5 60 °C Crush

Figures 6.16 and 6.17 show sections through the crush zone of a tube crushed at 60 °C.
These sections showed very distinct hackles in both internal and external fronds and a
debris wedge, although in the section in figure 6.17 the wedge appeared to have
detached from the crush zone when the test was halted. The hackles in the external
frond in the section in figure 6.16 appeared to have grown such that fragments
detached from the rest of the debris. At the trailing edge of each of these fragments,
clear evidence could be seen of the shear fracture that formed the fragments and was
involved in the formation of the hackles. Figure 6.17 showed very clear hackles with a
regular spacing of 0.8 mm for the external frond and 0.9 mm for the internal frond.
The external frond shows a clear curvature with a radius of about 7 mm. The depth of
the hackles appeared to be reasonably constant but this was difficult to measure

accurately.

6.1.1.6 80 °C Crush

Figures 6.18 and 6.19 show sections from a tube tested at 80 °C. Although in general
appearance they resembled the sections from 60 °C, there were some important
differences, particularly in the hackles which were much smaller than for 60 °C. The
hackle spacing was however, similar at about 0.9 mm, this being similar to the repeat
distance for the glass cloth (see section 3.1.1). There also appeared to be a high degree
of matrix deformation and delamination in the fronds. The radius of curvature for the

external frond in figure 6.18 was about 8 mm.

6.1.1.7 100 °C Crush

Figures 6.20 and 6.21 show sections through the crush zone from a tube crushed at

100 °C. The fronds in these sections were much cleaner and more coherent than those
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from the lower temperature tests with little evidence of hackle formation. Features
could be discerned on the inside of the frond curvature that resembled hackles, with a
repeat distance of about 0.9 mm. The section in figure 6.20 showed considerable
evidence of matrix deformation through void flattening, but in that in figure 6.21, the
external frond featured voids which appeared to have remained largely undeformed

during the traverse of the crush zone.

6.1.1.8 Schematics

Schematic crush zones for Tufnol tubes tested at ambient and high temperatures are
given in figures 6.22 and 6.23. These two schematics have various features in
common, particularly the presence of the wedge and fronds, a centre wall crack at the
tip of the wedge, hackles on what was the outside of the tube wall and elongated voids
in the fronds. However, the extent of these features differed between the high and low
temperature tests. In general, the size of the hackles was greatly reduced by increasing

the temperature while the degree of void flattening increased.

6.1.2 Glass mat-polyester Tubes

Figures 6.24 and 6.25 show sectional micrographs through the crush zones of

glass mat-polyester tubes tested at room temperature. Both of these sections showed a
frond-wedge-frond type of crush mode and that in figure 6.24 showed a number of
cracks in the external tube wall, perpendicular to the centre wall crack. Crush zones
for these tubes were very inconsistent in their appearance due to a high level of
material variability, but the wedge angle was consistently smaller than for the Tufnol

tubes.
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6.2 Macro Photographs

Figures 6.26 to 6.29 show axial macro photographs taken from the crushed end of
Tufnol tubes tested over the temperature range 22 °C to 100 °C at 0.1 mm s™!. These
tubes showed a trend in the number and size of the external fronds, from a large
number of small fronds at low temperature to a few large fronds at high temperature.
Table 6.1 shows the number of fronds in the crush zone for each test temperature and

the average width of the fronds.

Figure No. Temperature Number Frond Width
°C of Fronds mm
6.26 22 11 15.7
6.27 40 10 17.3
6.28 80 8 21.6
6.29 100 6 28.8

Table 6.1 Number of fronds and the average frond width as a function of the test temperature

for Tufnol tubes.

Increasing the temperature further led to a buckling mode of collapse as illustrated in

figure 6.30. This tube was tested at 110 °C at 0.1 mm s71.

Figure 6.31 shows a resinject tube that collapsed with centre failure and

interpenetration. This tube was of the RJPR type, tested at 70 °C at 0.5 mm s1.

Page 175



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

EXTERNAL

Figure 6.1 Section through the crush zone of a Tufnol tube crushed at 0.01 mm s~ at room

temperature.

Figure 6.2 Section through the crush zone of a Tufnol tube crushed at 0.01 mm s~1 at room

temperature.
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EXTERNAL

Figure 6.3 Section through the crush zone of a Tufnol tube crushed at 10 mm s~1 at room

temperature.

EXTERNAL

Figure 6.4 Section through the crush zone of a Tufnol tube crushed at 10 mm s~1 at room

temperature.
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EXTERNAL

Figure 6.5 Section through the crush zone of a Tufnol tube crushed at 10 mm s~1 at room

temperature.

EXTERNAL ¥

Figure 6.6 Section through the crush zone of a Tufnol tube crushed at 0.5 m s~ at room

temperature.
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EXTERNAL

Figure 6.7 Section through the crush zone of a Tufnol tube crushed at 1.5 m s~ at room

temperature.
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Figure 6.8 Section through the crush zone of a Tufnol tube impacted from 5 m s~ at room

temperature.
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EXTERNAL

Figure 6.9 Section through the crush zone of a Tufnol tube impacted from 5 m s~ at room

temperature.
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EXTERNAL

Figure 6.10 Section through the crush zone of a Tufnol tube impacted from 10 m s™! at room

temperature.
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EXTERNAL

e
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>

Figure 6.11 Section through the crush zone of a Tufnol tube impacted from 10 m s™! at room

temperature.

Figure 6.12 Section through the crush zone of a Tufnol tube impacted from 20 m s™! at room

temperature.
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EXTERNAL

Figure 6.13 Section through the crush zone of a Tufnol tube impacted from 20 m s™! at room

temperature.

EXTERNAL

Figure 6.14 Section through the crush zone of a Tufnol tube impacted from 10 m s after

immersion in liquid nitrogen.
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EXTERNAL

Figure 6.15 Section through the crush zone of a Tufnol tube impacted from 10 m s after

immersion in liquid nitrogen.

EXTERNAL

Figure 6.16 Section through the crush zone of a Tufnol tube crushed at 0.5 mm s~ at 60 °C.
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Figure 6.18 Section through the crush zone of a Tufnol tube crushed at 0.5 mm s~ at 80 °C.
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Figure 6.19 Section through the crush zone of a Tufnol tube crushed at 0.5 mm s~ at 80 °C.
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EXTERNAL

EXTERNAL

Figure 6.21 Section through the crush zone of a Tufnol tube crushed at 0.5 mm s~ at 100 °C.
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Figure 6.22 Schematic of a section through the crush zone of a Tufnol tube crushed at room

temperature.
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Figure 6.23 Schematic of a section through the crush zone of a Tufnol tube crushed at high

temperature.
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".73k .

Figure 6.24 Section through the crush zone of a glass mat-polyester tube crushed at room

temperature.

£ ®4u%
Figure 6.25 Section through the crush zone of a glass mat-polyester tube crushed at room

temperature.
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Figure 6.26 Axial macro photograph of the crush zone of a Tufnol tube crushed at room

temperature showing eleven fronds.

Figure 6.27 Axial macro photograph of the crush zone of a Tufnol tube crushed at 40 °C

showing ten fronds.
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Figure 6.28 Axial macro photograph of the crush zone of a Tufnol tube crushed at 80 °C

showing eight fronds.

Figure 6.29 Axial macro photograph of the crush zone of a Tufnol tube crushed at 100 °C

showing six fronds.
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Figure 6.30 Macro photograph of a Tufnol tube crushed at 110 °C showing the buckling

mode.

Figure 6.30 Macro photograph of an RJPR tube crushed at 70 °C showing the

interpenetration mode.
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7 Friction
This chapter is divided into two sections: an analysis of the frictional forces in the
crush zone and their effect on the other forces; and temperature rises in the crush zone

due to frictional heating.

7.1 Forces Within the Crush Zone

Fairfull [51] identified the various forces that were present in the crush zone of a tube
that crushed with a frond-wedge-frond crush mode. This work did not give any
magnitudes for the forces apart from the loads supported by the internal and external
fronds and the debris wedge. Sufficient information is available from this work, and
that published by Fairfull and Hull [63], to enable an estimate to be made of the
magnitudes of the various forces within the crush zone. The crush zone forces, as
depicted by Fairfull {figure 2.40}, are shown in figure 7.1, with the addition of hoop

restraints.

In this analysis, the assumption has been made that the crush zone was quasistatic and

that there was no contribution to the forces from the necessity of accelerating material.

As the crush zone force measurements were made at a very slow speed (0.33 mm s1)

this assumption was valid.

From this work, P; was shown to be 13% of the total crush load, Py, 67% and P, 20%.
u; was estimated to be about 0.37, for crushing against a ground steel platen, and w,

could be estimated from this work. Observation of crush zone micrographs as in

section 6.1.1.1 for room temperature constant speed crushing, showed that, if the
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wedge was considered to have had a triangular cross section, then 6= ¢ ~33°!, Using

these data, the magnitudes of the forces in the crush zone could be estimated.

7.1.1 Force Balance

Resolving horizontally on the wedge:

Py cosB + uy Py sinf = P; cosd + u, Py sing (7.1)

For 6 =¢, as observed, this was rewritten:

(P1-Py)cosB+ (P,-P;) upsin6=0 (7.2)

which could be solved if P; =P, or up =cotf. Fairfull [51] concluded that the latter

solution was the probable one, but this conclusion must have been incorrect. As the
coefficient of friction could vary instantaneously whilst the wedge angle could not,
then the latter condition was unlikely, so the probable solution of equation 7.2 was

Pl = PQ.
Resolving vertically on the wedge gave:

Py sinB + u; Py cosO + P; sing + uy Py cosgp =Py, (7.3)

For 6 =¢ and P| =P; this was rewritten as:

Py =2P; (sinB + u; cosO) (7.4)

Resolving horizontally on the entire crush zone gave:

w1 Pi+Ppi=w Pe+Ppe (7.5)

which could be rewritten as:

Ppe="Pni +u1 (Pi-Pe) (7.6)

1 This was found to be the mean approximate wedge angle for a large number of observations.
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Resolving horizontally on the internal frond:

Phi=P1 COS@—Ml Pi‘MZPI sinO (7.7)

which could be rewritten as:

Phi=P; (cosB - u; sinB) - u; P; (7.8)

From these calculations it was possible to estimate the contribution to the energy

absorbed by each of the frictional mechanisms.

7.1.2 Frictional Energy Absorption

Considering a small movement of the crush platen of dx, the energy absorbed by
friction at the wedge-frond interface, Ey s, was given by the frictional force multiplied
by the distance through which that force acted. This distance was given by the
resolved distance along the wedge-frond interface of the movement of the platen 0x.

This was dx secB and 0x secd, for each side of the wedge, hence Ey s was given by:

Ewg=uy Py 0x secO + u, P, 0x secd (7.9)

For Py =P, and 6 =¢ equation 7.9 was rewritten:

wa=2 [25) P1 0x secB (7.10)

Use of the resolved distance along the wedge-frond interface implied that there was an
acceleration of the material relative to the motion of the platen. However, the relative
motion was complex so that without knowing the stress system within the crush zone,
the distances moved and the relative speeds of all of the material, it was not possible

to quantify this effect. It was unlikely that any significant effect occurred at the speeds
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under consideration in this part of the work. Material acceleration in the crush zone is

discussed later in section 8.2.1.

Fairfull and Hull [63] stated that, for a value of u; =0.37, the total energy absorption,
E(, was 2.27 times that of the nonfrictional mechanisms E,,. From the figures given,
there was an error in this calculation and it should have read 2.5 times. This meant

that E; was given by:

E,=E+Epn (7.11)

where Er was the energy absorbed by all frictional mechanisms. As:

E=2.5Epn (7.12)
then:

Er=1.5E, (7.13)
SO:

Er=0.60 E; (7.14)

From the work carried out by Fairfull and Hull [51,63,108], the external fronds took
20% of the crush load (P.) and the internal fronds 13% (P;). If the total crush load was
F, then P.=0.2 F and P;=0.13 F. Thus the contribution of frond-platen friction, Eg,
assuming that the sliding distance was that of the distance of movement of the platen,

was given by:

Efp=u; (Pe+Pj) 0x (7.15)

then:
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Eg, =1 (0.2+0.13) F dx (7.16)

SO:

Egp=u; 0.33 F 8x (7.17)

If, as measured, u; =0.37 then:

Ef=0.12 F 8x (7.18)
hence:
Ef=0.12 E; (7.19)

Thus frond-platen friction accounted for about 12% of the total energy absorbed.
From equation 7.14, the total frictional energy absorption accounted for 60% of the
energy absorbed, so the frictional contribution of the other mechanisms, wedge-frond
friction and inter-ply sliding, accounted for 48% of the total energy absorbed. From
equations 7.4 and 7.10, this proportion was independent of the value of u;, provided

the crush load distribution and crush zone geometry were unaltered.

Assuming that inter-ply sliding accounted for a negligible amount of frictional energy
absorption!, it was possible to estimate the forces within the crush zone. If friction at

the wedge-frond interface accounted for 48% of the total energy, i.e.:

Eyr=0.48 E, (7.20)

and the wedge semi-angle was 33° (as observed), then the frictional coefficient at the

wedge-frond interface could be calculated.

From equation 7.4, and knowing that the wedge carried 67% of the crush load:

IThis assumption was reasonable due to the lack of delamination observed in the fronds of these tubes.
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p=— 0.67F (7.21)
2(sing + m, cosq)

From equation 7.20, wedge-frond friction accounted for 48% of the crush load, i.e.

Eyr=0.48 F 0x (7.22)

combining this with equation 7.10 gave:

2 uy Pysec6=0.48 F (7.23)

which when rearranged gave:

0.24 F
Py = 113 5ec0 (7.24)
Equating this with equation 7.21 gave:
uy sec=0.716 (sinB + u, cosh) (7.25)

If 6 =33° then:

This was an upper bound value because of the assumption made of inter-ply sliding
accounting for a negligible amount of frictional energy absorption. It should be noted
that, when applied to equation 7.2, this value of u, would require a wedge angle of
greater than 90° for u, = cot6, indicating that the assumption that P; =P, was the
correct solution for equation 7.2, although that assumption was used in obtaining this

value of w,. However, 0.66 is a reasonable value for composite sliding friction [109].
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7.1.3 Hoop Restraints

From the above work it was possible to calculate the magnitudes of the hoop restraints
in the radial direction, Py, and Py;. From equation 7.6, using P;=0.13 F, P.=0.2 F and

u; =0.37, as measured:

Phe=Ppi-0.0259 F (7.26)

From equation 7.8:

Pni=P; (cosB - u, sinf) - 0.37 P; (7.27)

The value of uy =0.66 could be used in equation 7.24 to find that:

P,=0.305F (7.28)

as 0=33° and u, =0.66, equation 7.26 became:

Pyi=0.146 F-0.048 F (7.29)

P,i=0.098 F (7.30)

hence equation 7.26 gave:

Phe=0.072 F (7.31)

The relationship between Py; and Py was not in the same proportion as the

relationship between the loads on the internal and external fronds as:

Phi
— =1. 7.32
Pre 36 (7.32)

while:
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P _ 1.54 33
P, ~ 5 (7.33)

It should be noted that, while the horizontal restraints on the wedge were referred to
as hoop restraints, their origin must have included a contribution from rotational
moments from the axial loads in the tube wall away from the centre of the wall.
Calculation of the ratio of this contribution to the contribution from hoop restraint was
outside the scope of this analysis. A possible experimental method of measuring the
different contributions would be to use tubes containing flat wall sections. In these
sections the restraint will be due to the moments of axial loads only, there being no
hoop restraint in this case. However, isolating the effects is potentially very difficult

as flat plate sections are known to be very unstable (section 2.1.3.5.6).

7.1.4 Change of w4
Fairfull and Hull [63] showed that friction at the frond-platen interface could affect

the specific energy absorption that was measured, and that:

Em

E _—
Y- (k+upc)

(7.34)

where k was the proportion of the total energy absorbed by friction other than at the

frond-platen interface and ¢ was the load fraction born by the fronds, given by:

_ (Pi + Pe)

¢ F

(7.35)

The published figures gave a value for ¢ of 0.33. From equation 7.21, k=0.481, so if

u; =0.28, as was reported for rotation against a polished steel platen, from equations

Ik was derived independently of the value of uj. It did however, require the assumption that the crush
load distribution was independent of uj.
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7.11 and 7.34 friction accounted for 57% of the total energy absorbed, hence 57% of

the crush load, ie:

E'r=0.57 F'8x (7.36)

where F' was the total load on the crush zone for the lower value of u,. In this case

F'=0.93 F. Assumptions made were: that the load distribution across the crush zone

and the wedge angle remained the same as for u; =0.37, and that the energy
absorption of the non-frictional mechanisms, E,,,, was unaffected by the reduction in

frond-platen friction. Thus:

E's,=u1 0.33 F'0x=0.0924 F' dx (7.37)

Equation 7.28 was derived without reference to w; so: P'y =0.305 F'. From geometry
48% of the total energy absorbed was by wedge-frond friction, thus the total energy

absorbed by friction was given by:

E't=(0.48+0.0924) F' dx=0.57 F' dx (7.38)

This value was the same as that obtained from equation 7.36, indicating that the
assumption that the crush load distribution was the same as for the case of u; =0.37
might have been valid. However, the two results obtained for u; =0.28 were obtained
from the same data, albeit through different routes. Both routes assumed that the crush
load distribution was independent of the frond-platen friction so any conclusions

based on this equality can, at best, be suspect in their validity.

As in section 7.1.3, the hoop restraints were estimated for this situation. From

equation 7.28

P'1=0.305F' (7.39)

Assuming that u; =0.66 equation 7.27 gave:
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Pi=0.11F (7.40)

hence from equation 7.6:

P'ho=0.09 F' (7.41)

These were both a higher proportion of the crush load than for the situation with
w1 =0.37. This implied that the load distribution in the crush zone was changed by
altering the frond-platen friction, hence the assumptions made in this analysis have

been invalidated and the hoop restraints probably not as calculated above for u; =0.28.

7.1.5 Wedge Shape

In this work, the wedge was treated as having been triangular in cross section and
described by a wedge angle. Observation has shown that this was, at best, an
approximation, as the wedge appeared to consist of a flat top with concave surfaces at
the wedge-frond interface, thinning to a point at the apex of the wedge {e.g. figure
6.3}. Thus the above treatment of the wedge must have been inaccurate. However,
within the limits of the available experimental data, it was not possible to be any more
accurate. The concave surfaces probably led to a non-uniform load distribution at the
wedge-frond interface, with a maximum load at the wedge-frond-platen triple point,

decreasing as the local wedge angle decreased.

7.1.6 Conclusions of Frictional Forces

This work has shown that friction is an important contributor to energy absorption and
that the presence of frond-platen friction means that energy absorption in the crushing
of composite tubes is not purely a material property, but is also dependent on the
nature of the crush platen. All the above calculations assumed that the non-frictional

contribution to crushing remained independent of frond-platen friction. It was shown
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that the stress system within the crush zone was changed by altering the frond-platen

friction, so this assumption was not entirely valid.

7.2 Temperature Rises in the Crush Zone

As has been discussed in section 7.1, frictional mechanisms accounted for a
significant proportion of the energy absorption. It is well known that a large amount
of the energy absorbed in a frictional system is dissipated as heat, thus causing
localised temperature rises. In the 1930's Bowden and Ridler [110] showed that, for
two metals in sliding contact, local interfacial temperatures could reach in excess of
1000 °C, and that the limit to the maximum temperature was the melting point of the
lower melting of the two metals. This is the basic principle of the industrial process of

friction welding! [111].

Temperature rises could be extremely important in the behaviour of composite tubes
subjected to axial crushing, as most of the material properties that govern the energy
absorption capability of a tube are known to be temperature dependent (see section
2.2). As friction was an important energy absorbing mechanism, the expected
associated temperature rises might have been significant in determining the behaviour
of the tubes. Thus some insight was required into the magnitude of the temperature
rises, and how they varied with the crush speed. The nature of the crushing process
meant that experimental measurement of the temperature rises and distribution was
difficult, so an analytical modelling approach was adopted to simulate the problem
and to predict the behaviour. Some experimental confirmation of the findings was

sought by other workers [112].

11t should be noted that friction welding is essentially a solid state process performed at temperatures
close to, but below, the melting points of the metals.
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The purpose of this analysis was not so much to predict peak temperatures at the
frictional interfaces as to provide an insight into possible temperature distributions
within the crush zone, and how these distributions varied with the test variables which
were considered, in particular the crush speed. Variation with speed was expected as
the fronds underwent heating over a short distance, while flowing past the wedge, so
the speed determined the duration of heating, hence the time available for heat to

diffuse away from the interface.

7.2.1 Modelling Approach

As discussed in sections 6.1.1.1 and 7.1, the crush zone of these tubes consisted of an
annular wedge of fragmented debris, past which flowed fronds of the material from
the tube wall {figure 6.5}. From the analysis in section 7.1, it could be calculated that

80% of the frictional energy absorption occurred at the wedge-frond interface; i.e.:

Ewr=0.48 E, (7.42)

Ef=0.6 E; (7.43)
thus:

Ewr=0.8 E¢ (7.44)

It was this contribution that was taken as the major source of frictional heating in this

model.

Two different treatments were required for the heat dissipation calculations, as the
necessary treatment of the conduction of heat through the wedge was different to that
for the fronds. During crushing, the wedge remained in a constant position relative to
the wedge-frond interface, such that it's temperature rose and heat was conducted

away from the heat source and dissipated to the crush platen, which acted as a heat
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sink {figure 7.2}. Equilibrium might have been reached in the wedge, and the
temperature distribution could be predicted by a process of iteration, employing the
concept that, at equilibrium, the heat flowing into any element of material was equal
to that flowing out of that element to the surrounding elements. Thus the maximum
temperature would be expected to have been found at the furthest distance from the

crush platen heat sink, this having been at the apex of the wedge.

The treatment of the heat flow in the fronds was very different from the treatment of
the wedge, as the fronds were always in motion relative to the wedge-frond interface.
This situation was one of thermal diffusion away from the heat source. The material
that formed the fronds was originally situated in the tube wall remote from the crush
zone and was thus at ambient temperature. As crushing proceeded, the frond material
flowed past the wedge and was subjected to frictional heating over a period of time,
equal to that of the time that any element at the wedge-frond interface took to traverse
the interfacial distance. In the absence of any other mechanism that might have altered
the temperature distribution, the highest temperature was expected to have been found
at the element of the frond in contact with both the wedge and the platen, due to that

element having undergone the maximum amount of heat input from friction.

While the behaviour of the two constituent parts of the crush zone could be predicted
within the assumptions that had to be made, the behaviour of the whole crush zone
was somewhat different, the difference being due to the difference in temperature
distribution on either side of the wedge-frond interface. If the interface had been a
perfect barrier to thermal conduction this would have represented little difficulty.

However, as the wedge and fronds were in contact under a high interfacial pressure

(about 35 MN m~2), this was not the case and it was probable that the interface
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presented no barrier to thermal conduction. The system was thus considered in it's

entirety.

The other main effect on heat flow concerned the presence of the crush platen. During
the time that the fronds were flowing past the wedge they were remote from the platen
but, as they reached the end of the traverse, they came into close proximity with the
platen which was able to act as a heat sink, conducting heat away from the fronds.

The presence of frond-platen frictional heating was ignored due to the heat sink effect.

7.2.2 Wedge Behaviour

The modelling of the wedge behaviour involved a relaxation method, assuming that
the wedge was in thermal equilibrium. In this case, the amount of heat flowing out of
the wedge into the platen was equal to that being input to the wedge by friction. This
was assumed to have occurred at low speeds, a not unreasonable assumption provided
that sufficient crushing had occurred to provide the energy necessary to achieve the
temperature rises in the wedge. The assumption of equilibrium was not strictly valid

at high crushing speeds, this situation is discussed later in section 7.2.10.

The thermal relaxation in the wedge involved dividing the wedge into a number of
elements and using the principle that, at equilibrium, the heat flowing into an element
must have been the same as that flowing out of that element. Using square elements

this could be written as an equality of temperatures, i.e.:

Tv-‘rl,h + Tv—l,h + Tv,h-H + Tv,h—l = 4Tv,h =0 (745)

where T was the temperature at the position with vertical coordinate v and horizontal
coordinate h {figure 7.3} [113]. If equation 7.45 was found at any point not to equate
to zero, then the value obtained was referred to as the residual R. This residual

represented the deviation from the true equilibrium temperature at that point with
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those surrounding temperatures. A better estimate of the true value of T, j, was

obtained by adding R/4 to the old value. Once this had been done for all elements,
new residuals were calculated and the process repeated. This calculation was
continued until the sum of the residuals reached a predetermined value, at which point
the improvements in the calculated values by performing further calculation, were less

than the desired precision of the temperatures.

This method of calculation presented little difficulty for square elements, but imposed
a restriction on the wedge angle 20, in that a new mesh was required for every new
angle. It was thus desirable to adapt the technique to enable the model to be
sufficiently versatile to cope with any desired wedge angle. This was done by dividing
the residuals into horizontal and vertical components, Ry, and R, respectively, and

adjusting according to the angle. This gave:
Ry = (Tv’h+1 +Tyh-1- 2Tv,h) cot20 (7.46)
RV = (Tv+l,h + Tv—l,h - 2Tv,h) tan26 (747)

Equation 7.45 was modified accordingly to become:

(Ty+1n+ Tya1n - 2Ty p) tan6 +
(Tyn1 + Typ1 - 2Ty p) cot20 =0 (7.48)

These residuals were then used to calculate the new value of the temperature Ty pnew)

as:

_ (Rv +Rp) 49
Tv,h(new) - Tv,h (original) + 2 (tan26 + cot26) (7 )
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The iterative process was then performed as before. For thermal equilibrium each
residual did not necessarily approach zero but the sum of Ry, + Ry, did, and it was the

sum that was used to determine the end of the iterative process.

The treatment of heat input to the wedge at the wedge-frond interface is described in

section 7.2.4.

7.2.3 Frond Behaviour

The behaviour of the fronds was modelled by applying the standard linear thermal
diffusion equation (7.50) [113] to a set of n bars consisting of a number of elements
extending away from the wedge-frond interface, at which point there was a source of

heat input due to friction:
1
Top+1 =Fo [ Tuript To1p+\55-2) Tup ] (7.50)

where T, , was the local temperature at the element x, at time T, {figure 7.4}. Fo was

the Fourier number of the system, a dimensionless grouping of the thermal conduction

parameters. This was given by:

oAt

Fo="3p

(7.51)

where At was the linear dimension of an element normal to the direction of heat flow
{figure 7.4} [113], At was the time interval considered and o was the thermal

diffusivity of the material given by:

a==— (7.52)

where k was the thermal conductivity, C, the specific heat capacity and p the density

of the material.
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While the actual value of the Fourier number was not in itself important for the
modelling, it was required to be less than 0.5 for reasons of conservation of energy
[113]. Consequently, the values of At and At could not be varied entirely
independently. At was determined by the desired resolution of the model (see section
7.2.5) so that, according to equation 7.51, the limit on the Fourier number dictated a
maximum magnitude of the time element At. The values of At and At were related by
the value of the crushing speed being studied, so that the maximum magnitude of At

gave a minimum usable value of v, due to At being given by:

At cosB

At= V_C tanO

(7.53)

The shape of the bar was taken to be one of constant depth {figure 7.4}. This
assumption was not strictly valid as, in the crush zone, the depth decreased as the
outside of the wall was approached because of curvature of the material around the
wedge-frond interface but the amount of error was insignificant when compared to the

difficulties of allowing for this effect .

The assumption was made that there was no heat flow between adjacent bars, this

being an assumption that was not strictly valid but was unavoidable for the calculation.

7.2.4 Heat Input

Calculation of the heat flows as outlined in sections 7.2.2 and 7.2.3 was
straightforward but the input of heat at the wedge-frond interface presented a more
difficult problem. Most worked examples that were available using the thermal
diffusion equation [113], involved changing the temperature of one face of a wall and
then calculating the temperature profiles as a function of time. This was not an

immediately applicable situation, so a method of simulating the heat input needed to
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be devised. This was done by calculating what the temperature rise would have been
in the first element, over the time interval At for the input of heat from friction at the
wedge-frond interface. This temperature rise was denoted by AT. The amount of heat
flowing into each element at the wedge-frond interface, E., was the product of the
frictional force at the interface and the distance through which that force acted, being
halved to allow for the assumption that half of the heat flowed to the frond and half to
the wedge. The frictional force at the interface was the fractional force on each

element! which was given by:

up Py
=", (7.54)
The distance moved along the interface was given by:
Ax=% cosecH (7.55)

As the energy was the force multiplied by the distance through which that force acted,
then combining equations 7.54 and 7.55 with equation 7.4 and halving to allow for the

heat distribution to the wedge and frond gave:

w, Py, w cosecO
412 (sinf + u, cosO)

Ee (7.56)

This assumed that all the frictional energy was dissipated as heat. The assumption that
half of the energy flowed into the frond and half into the wedge was probably invalid
but unavoidable due to the mathematics of the system. To surmount this problem, the
temperature distributions in the wedge and frond would need to have been known,

resulting in a problem of circular references in the computer program used in the

1 Frictional forces are normally independent of the apparent area of contact. However, this was an
energy term so that the assumption of the fractional friction force, hence fractional energy, was used.
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calculations. Knowing the heat capacity of the element, it was straightforward to

calculate AT as:

Ee
CpVep

AT= (7.57)

where Ve was the volume of an element. The heat in the first element of the frond was
given by the total heat input up to that moment, minus the heat conducted away along

the bar.

7.2.5 Model Resolution

The size of the elements that were used in the model needed to be determined.
Although the choice of element size may be regarded as largely arbitrary, a finer mesh
would tend to give more accurate local temperatures, whilst a coarser mesh would
simplify calculation. For reasons discussed in section 7.2.3, a coarser mesh enabled
slower crushing speeds to be considered. An element size was used that was similar to
the thickness of the plies of glass cloth that had been encountered in experimental
work. This was because the material for which this model was designed was a

glass cloth-epoxy composite. The two constituents had somewhat different thermal
conductivities (1 W/m K for glass [113] and 0.1 W/m K for an epoxy resin [40]), so
that a finer mesh to improve resolution would have been meaningless. The model was
designed to work with a wall thickness of 2.5 mm, consisting of sixteen plies of

glass cloth to simulate the Tufnol tubes used in much of the experimental work. Thus
the linear dimension of the elements in the fronds was taken to be t/16 {figure 7.4}.
The model was however, designed to be usable with other tube wall thicknesses

although caution must be employed if used in this way.
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7.2.6 Combination of the Wedge and Frond

Once the models had been formulated for the two component parts of the crush zone,
it was then required to combine them. The individual models showed very different
temperature distributions at the wedge-frond interface, as the maximum temperature
found in the frond was near to the frond-platen interface, while that for the wedge was
found at it's apex, where the frond temperature was a minimum. If heat was able to
flow across the interface, then the temperature distributions would be affected
significantly by the presence of the other component. As stated in section 7.2.1, the
assumption was made that the interface presented no barrier to thermal conduction.
The two models were joined at the interface by incorporating thermal conduction
terms in the appropriate equations and adjusting the residual calculations in the wedge

accordingly.

For the frond calculations a term was incorporated into the calculation for the first
element when in contact with the platen to simulate the heat sink effect. The model
was then considered to be sufficiently advanced to provide some insight into what

happened in the crush zone.

7.2.7 Variable Values

For the system under consideration there were a large number of variables that had an
effect on the final temperature distributions that were calculated. In total there were
ten independent variables that were significant. These could be divided into four main

sections: material properties, tube geometry, crush zone properties and test variables.

The relevant material properties were the specific heat capacity, thermal conductivity
and density. The specific heat capacity of the material was determined using a DSC,

as described in section 3.4.4, and found to be about 1300 J/kg K. This value was
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consistent with figures given in the literature for a glass-epoxy composite [114].
However, the specific heat capacity of the material was found to decrease with
increasing temperature above about 100 °C, as measured on the DSC, although this
behaviour was not consistent {see figures 3.13 and 3.14}. For the purpose of this
analysis, it was considered to be constant at a mean value. This assumption was
required by the limitations of the computer software used. The value of thermal
conductivity, k., was taken from the literature [114], with a value of about

0.47 W/m K. This figure was largely independent of the temperature. This value was
lower than that given by the rule of mixtures for the longitudinal direction of a
unidirectional composite (about 0.53 W/m K for a material with a fibre volume
fraction of about 48%), and higher than that given by a modified Halpin-Tsai type

equation (7.58) [115] for the transverse direction:

R (7.59)!
"

Ke-kn/  \ky

which gave a value for k. of "0.12 W/m K".

The value of the material density was measured from the Tufnol tubes, being typically

1800 kg m3.

The tube dimensions were the mean diameter D,,,, and the wall thickness t. The mean

diameter was given by:

D,h=D;+t (759)1

1 This version of the Halpin-Tsai equation was taken from the literature. However, it is clearly
dimensionally incorrect as the left hand side of the equation is dimensionless while the right hand side,
second term, has dimensions of W/m K. Searching for the references given has not clarified where the
mistake was so the calculated figure must be ignored.
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This diameter was used in all the calculations that required a value for the tube
diameter, even though it's universal use was not strictly valid, as the diameter changed
with position in the tube wall. However, it's use did not have any seriously deleterious
effect on the validity of the final results and considerably simplified calculation. The

values of the dimensions used were t=2.5 mm and D; =50 mm.

The crush zone properties were the wedge angle 20, the width of the wedge at the
interface with the platen 2w, the coefficient of friction at the wedge-frond interface u,
and the load supported by the wedge alone Py,. The wedge angle was determined from
the sections that had been taken through the crush zone and was taken to be 66°. The
wedge width was taken to be the same as the wall thickness of 2.5 mm, this being
reasonably consistent with observation. The values taken for the coefficient of friction
and the load supported by the wedge were based on work carried out by Fairfull and
Hull [51,63,108] and the analysis of forces in the crush zone as given in section 7.1.
The coefficient of friction was taken to be 0.66. This value might have been speed
sensitive [116-118] but no quantitative data was available to make any allowances.

The load supported by the wedge was taken to be 30 kN.

The other value that was required for the calculation was the crushing speed which

could be varied upwards from 4 mm s-! as discussed in section 7.2.3.

1 This value was different from the value given in the literature review (section 2.1.3.5.2). The
difference was due to the heat flow behaviour of the internal and external fronds being considered to be
the same in this model.
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7.2.8 Summary of Assumptions

In the above description of the frictional temperature modelling many assumptions
were made in order to make the model usable. These assumptions are summarised as

follows:

1. The force distribution and frictional contributions to energy absorption were

as calculated in section 7.1.

2. The platen acted as a perfect heat sink.

3. The wedge was in thermal equilibrium and obeyed equation 7.48.

4.  Heat flow in the frond obeyed the thermal diffusion equation 7.50.

5. The wedge-frond interface presented no barrier to thermal conduction.

6.  Friction at the frond-platen interface did not contribute to the temperature

rises.

7. The thermal diffusivity of the material was not dependent on the temperature.

8.  All of the energy absorbed at the wedge-frond interface was dissipated as heat

in the crush zone.

9.  The wedge was triangular in cross section.

10. The wedge angle was about 66° and the wedge width the same as the tube

wall thickness.

11. The interfacial pressure at the wedge-frond interface was constant along it's

length.
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12.  The thermal diffusion bar was of constant depth and did not taper as the

outside of the tube was reached.

13.  There was no heat transfer between adjacent thermal diffusion bars.

14. The input of heat as described by equation 7.56 was a reasonable

representation of the true situation.

15. Frictional heat was initially dissipated equally to the wedge and to the frond.

16. There was no difference between the internal and external frond behaviour.

7.2.9 Use of the Model

The model was used initially to predict the temperature rise distributions at speeds
over the range from the lowest possible speed of 4 mm s7!, up to 20 m s~!. The
iterations were performed until the sum of the residuals was less than 0.05 °C. All the
calculations were performed using a computer spreadsheet package, Microsoft Excel

v.1.5, on an Apple Macintosh.

7.2.10 Results from the Model

All the quoted results are temperature rises rather than actual temperatures so they

represent the temperatures that the elements experienced above ambient temperature.

Temperature rise distributions in the crush zone are shown for 0.004 m s™! and

20 m s7! in figures 7.5 and 7.6. These figures show clearly the difference in
distribution for high and low speed, as at high speed the temperature rises were only
significant in the frond close to the wedge-frond interface, while the low speed

temperature rises were significant away from the interface.
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Five different quantities were identified as being typical of the behaviour of the heat
flows as functions of the crush speed. These were: the mean overall temperature rise;
the mean temperature rise in the frond; the mean temperature rise in a layer of the
frond after it had fully traversed the wedge-frond interface; the maximum temperature
recorded and the mean temperature rise in the wedge. Each of these quantities are
shown as a function of the log. crush speed in figures 7.7 to 7.11. For all the quantities,
the increase in the predicted temperature with speed was rapid at low speeds, but at

high speeds they were relatively speed insensitive.

Third order polynomials were found to be a good fit to all of the curves in figures 7.7

to 7.11 over the speed range investigated, although the fit at speeds above about

20 m s~! was poor. Extrapolation of the curves to low speeds gave a value of speed
where the temperature rise was predicted to be zero. However, it was unlikely that this
situation could have occurred as it would have implied that there were no temperature
gradients, thus there would have been nothing to drive the heat transfer and the model
would not have represented the true situation. It was probable that, at low speeds,
below those that the model could simulate, the temperature rises levelled off.
Unfortunately the limits of the model did not allow this hypothesis to be verified but
the lack of a fit at high speeds indicated that the extrapolation was not valid. The
behaviour of the maximum temperature measured may indicate what would be
expected at lower speeds {figure 7.11}. The element where the maximum temperature
was found was not always the same, as high speeds gave the maximum temperature
rise in the frond element that was in contact with the platen and the wedge-frond
interface. Slower speeds gave the maximum temperature as being in the frond element
at the wedge-frond interface immediately before the one in contact with the platen.

Thus the element of maximum temperature moved down the wedge-frond interface
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away from the platen with decreasing crush speed. The position of maximum
temperature probably tended to a limit somewhere on the wedge-frond interface due

to the difference in behaviour of the wedge and the frond as stated in section 7.2.6.

Further support for the hypothesis that extrapolation to zero temperature rises at low
speeds was not valid, can be drawn from the intercepts that were calculated. For the

frond mean temperature the intercept at zero temperature rise was at about

0.005 mm s~! while that for the wedge temperature was at about 0.5 mm s71. If the
extrapolations were valid, then these speeds would be expected to have been the same,
rather than two orders of magnitude different. Also, if one temperature rise is plotted
against another, then they would be expected to give a good linear agreement with the
intercept at 0 °C. While good linear agreements were found in all cases, in none of the
permutations did the intercept happen at 0 °C, indicating that any extrapolation to low
temperatures must have been invalid. An example of such a plot is given in figure
7.12. Thus the curve fits can only be regarded as having been valid over the speed
range for which the calculations were performed, hence there was little benefit to be

gained from curve fitting, so they have not been shown in figures 7.7 to 7.11.

As was stated in section 7.2.2, the assumption was made that the wedge was in
thermal equilibrium. This assumption was not strictly valid for the higher speeds
examined. However, the observation that the speed sensitivity of the temperature
distribution decreased with increasing speed may lead to the conclusion that this was
an assumption that would not be expected to cause serious deviations from the true

state for the temperature distribution in the fronds.
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7.2.11 Comparison with Experimental Work

The results obtained from the model have been compared to those measured by
experiment. Copolla [112] crushed Tufnol tubes against a platen made from the same
glass cloth-epoxy material with a thermocouple imbedded in it. The thermocouple
was situated close to the surface of the platen and the tube positioned such that the

thermocouple would be near to the frond-wedge-platen triple point, thus the position
of greatest predicted temperature rise. Two speeds were examined, being 0.05 mm s-!

and the slowest speed that the model could calculate, 4 mm s™!. The 4 mm s~! crush
gave a dramatic temperature rise of the order of 120 °C, which was reasonably

consistent with the model's prediction of about 100 °C for the frond element in closest
p

contact with the platen. The 0.05 mm s™! crush showed a temperature rise of about

20 °C, this temperature rise reaching an equilibrium level. While it was not possible to
compare this directly with a predicted temperature, this low temperature increase was

consistent with the observation that bulk temperature rises were considerably lower at
slow speeds than at high speeds, as were the peak temperature rises that were

predicted.

While this work indicated the validity of the model, the test conditions were not the
same as those for which the model was designed. The most significant variation was
in the nature of the crush platen. One assumption made in the model, that the platen
acted as a good heat sink, was not valid for the tests. The effect of the change in crush
platen material will have been to increase the temperatures in the crush zone, this
being due to the removal of the heat sink effect. However, these tests did indicate that

the temperature rises that were calculated were within the right ballpark, so that it was
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probable that the temperature distributions predicted were reasonably consistent with

what actually happened in the crush zone.

7.2.12 Consequences

With all the models calculated high local increases in temperature were encountered.
These local temperatures could have resulted in some degree of degradation of the
polymer matrix which would be consistent with the observation of solvent aromas in
the vicinity of a tube immediately after impact testing and with the observation of
steam rising from the crush zones of tubes crushed at speed, after they had been
subjected to a moisture uptake programme [119]. The speeds for which the model was
best suited were however, somewhat lower than the impact speeds used in testing,
because of the equilibrium assumption in the wedge. However, the bulk temperature
of the wedge was of little importance in determining the energy absorption level as,
once established, the wedge did not undergo any significant deformation or fracture.
The only consequence of the wedge temperature rise was in the effect it had on the

temperature rises within the fronds.

What could be considered to have been of greater importance were the temperature
rises in the outer plies of the fronds. This was due to the outer frond elements having
undergone greater deformations during crushing than those near to the wedge. A rise
in temperature, which will have resulted in a lowering of the strength and stiffness of
the material (section 2.2), might have had a deleterious effect on the crush
performance and the stability of the crush zone. Consequently, lower crush speeds,
which allowed the dissipation of heat to the outer plies, might have been expected to

have given lower values of crush stress. This effect would have been in addition to the
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viscoelastic effects of the polymer matrix. This is discussed further with regard to the

observed crush zones, in section 8.4.
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Figure 7.1 Schematic of the forces present in the crush zone of a glass cloth-epoxy tube with
t/D of about 0.05. P; was the load carried by the internal fronds, Pe was the load carried by

the external fronds, P,y was the load carried by the debris wedge, Phj ho are the internal and
external hoop restraints, uq was the coefficient of friction between the fronds and the platen
and w2 was the coefficient of friction between the fronds and the debris wedge. Note: P4 and

P2 are not shown in the wedge.

Heat flow into the platen
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Interface
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Figure 7.2 Direction of heat flows in the crush zone (schematic).
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Figure 7.3 Nomenclature of elements in the wedge.
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Figure 7.4 Heat flow elements in the fronds.
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Figure 7.5 Schematic of the predicted temperature distribution in the crush zone for a crush
speed of 0.004 m s

‘\.\"\\-\. T
A .
58 68 99— -168 L Wedge:Frond Interface
101 124%1737‘
-110

106

o

o
N
o
AL e
o o
o o
AN NN

(@] o
SN SN SN SN S

o
N4

o
N

Q
N/ NSNS

o
N S
o

o
SN O
()

o
o

o
SN /N
o

(@]

o
NSNS

(=]
o

SN SN N SN SN
o

o
Q
N4

o
O/\
N

Outside of Tube

< Wall

Figure 7.6 Schematic of the predicted temperature distribution in the crush zone for a crush
speed of 20 m s™1
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Figure 7.7 Plot of the calculated mean temperature rise of the entire crush zone as a function

of the log. crush speed.
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Figure 7.8 Plot of the mean temperature rise in the frond as a function of the log. crush speed.
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Figure 7.9 Plot of the temperature rise in a layer of the frond after fully traversing the wedge-

frond interface, as a function of the log. crush speed.
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Figure 7.10 Plot of the calculated temperature rises for the two elements at the wedge-frond

interface that were + closest to the platen and — one removed from the platen, as a function

of the log. crush speed. These were the maximum temperature rises calculated.
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Figure 7.11 Plot of the mean temperature rise in the wedge as a function of the log. crush

speed.
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Figure 7.12 Plot of the mean temperature rise in the entire crush zone against the mean
temperature rise in the wedge alone, showing that zero temperature rise in one quantity does

not correspond to zero temperature rise in the other.
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8 Discussion

This chapter has been divided into six main sections. The first section deals with the
types of crush test that have been used in this work, the second with speed effects at
room temperature in each of the types of tube, the third with the interrelation between
the crush speed and the testing temperature, the fourth with the crush mode, the fifth
with the effect of residual stresses and the sixth with the effect of tube length on the

magnitude of serration of the crush load response.

8.1 Crush Tests

Three types of crush tests were employed in this project. These were: constant speed
crushing, constant speed crushing with an instantaneous speed change and impact
tests. Little comment is required for the constant speed tests, but the other two types

of test differed significantly from them and need explanation.

8.1.1 Instantaneous Speed Change Tests

Many of the data used to calculate the values of speed sensitivity, as given in chapters
4 and 5, were from the series of experiments where the tube was crushed

incorporating an instantaneous speed change (see section 3.2.1.1.1).

8.1.1.1 Assumptions

Two major assumptions were made in using these test results for the calculations in
Chapter 5; firstly, that the specific crush stress of the tube was independent of whether
the speed change was from fast to slow or vice versa, and secondly, that the specific

crush stress varied linearly with the logarithm of the crush speed.

The first assumption implied that the crush zone morphology was unaffected by the

crush history of the tube, thus the speed sensitivity of the specific crush stress was due
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to simple changes in the actual material properties rather than changes in the crush
zone morphology. This assumption was not strictly valid, as changes in material
properties would be expected to give changes in the crush zone morphology. However,
examination of the crush traces obtained from these tests showed that, after the
change in speed, the crush load took a short distance, typically 2-3 mm (see also
section 8.4.3.1), to equilibriate before a constant mean crush load was reached
{figures 4.58 to 4.64}. This observation indicated that there had been a change of
crush mode related to the change in speed, and that the initial speed crush zone must
have been cleared at the second speed, before the equilibrium crush zone for that
speed was established. These observations were further confirmed by the
measurements of the crush load, as the equilibrium crush load was independent of
whether it was measured before or after a speed change. Thus the first assumption

may be considered valid. Changes in the crush mode are discussed later in section 8.4.

The second assumption, that the specific crush stress varied linearly with the
logarithm of the crush speed, can be validated by considering the response of the
series of tests performed over a wide range of speeds, with each tube crushed at a
single speed {e.g. figure 4.1}. Within the degree of scatter in the results, the fit of a
straight line to each of the data sets was good, meaning that this assumption was

reasonable.

8.1.1.2 Features of the Load Response

A regularly observed feature of the instantaneous speed change tests when the speed
change was from slow to fast was a peak load, after which the crush load fell to the
equilibrium level {figures 4.59, 4.61 and 4.63}. This peak load was also observed in

the impact tests that were performed after the crush zone was established (see section
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8.1.2.3). This feature was probably due to the difference between static and dynamic
friction within the crush zone, and was analogous to an activation energy that needed

to be overcome in order for fast crushing to proceed.

When the speed change was from fast to slow, a sharp drop in the measured load was
frequently observed. However, this load drop was accompanied by a reverse
movement of the signal from the displacement transducer which was recovered on
further crushing, indicating that the load drop was due to a testing machine response
rather than a material response and may be disregarded for the purposes of this

investigation {figures 4.58, 4.62 and 4.64}.

8.1.2 Impact Tests

While the majority of crush testing performed in this project was carried out at
constant speed, some high speed impact tests were performed on the crash rig as
described in section 3.2.1.2. The tests performed on the crash rig differed in nature
from constant speed crushing, as the speed decreased during the test, from the impact
velocity to zero at the end of crushing {figure 8.1}. The change in speed might have

affected the crush load and requires consideration.

8.1.2.1 Load Response

The work on instantaneous speed changes for constant speed crushing showed that, on
changing the crush speed, the crush load took a short distance to reach a stable
equilibrium value of the mean crush load (section 8.1.1). It was deduced that this
feature of the crush load was due to the clearing of the initial speed crush zone and the
establishment of the equilibrium crush zone for the second speed. A similar situation
may be deemed to have occurred during the impact tests. During the impact crush the

equilibrium crush zone for the speed at any moment will have been trailing the actual
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crush zone as the crush zone was established at the start of crushing, that is for the
highest speed of crush for the test. The crush zone will have been constantly changing
to try to reach the equilibrium crush zone for the speed at that moment, so the crush
zone at any point in time will have been for a higher speed than the actual speed at
that moment. Direct evidence for this phenomenon is difficult to find, but the
statistical test that was carried out in section 4.2.1 for Tufnol tubes, comparing the
crush load measured from the initial impact, with those from the subsequent impacts,
might lend some credence to this hypothesis. The initial impact on each tube was
performed with a chamfered end, so the crush zone that was set up was one for a high
speed. At the end of the initial impact crush, the crush zone will have changed to one
for a lower speed, thus a lower crush load as observed for constant speed crushing for
these tubes {figure 4.1}. Subsequent impacts on the tubes were commenced with the
crush zone already established, being the crush zone from the end of the previous test,
thus one for a speed lower than the impact velocity. Due to the lag in the crush zone
as observed for instantaneous speed changes (section 8.1.1), the crush zone cannot
have reached the form for the impact speed, consequently the crush load was less than
for the initial impact. However, this behaviour was not observed for glass mat-
polyester tubes although this might have been due to a greater degree of scatter in the
results. Trends with respect to speed were different for the glass mat-polyester tubes

from those for the Tufnol tubes so this might have masked any crush zone lag effect.

The observation of lower crush loads for subsequent impacts might have been due to
micro-damage in the tube ahead of the crush zone. However, this would be expected
to give a similar result for the glass mat-polyester tubes, particularly as polyester
resins tend to be more brittle than epoxies [74], hence more sensitive to micro-damage.

Micro-damage might also have given a decreasing crush load with the accumulated
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number of impacts on the tube as damage accumulated. No such decrease was
observed. These observations do not eliminate this possibility and some future work

in this area might be beneficial.

8.1.2.2 Load Trace Serration

All the impact force-time traces showed a degree of serration, comparable to that
observed for constant speed crushing {figures 1.5 and 3.8 (a)}. With the impact tests
however, the serration might have been due to ringing in the load cell or in the test
piece. Initial observation of the crush traces was inconclusive as to whether the
frequency of the serrations remained constant throughout the crush, or decreased as
the speed decreased. If the former case were true, the serrations were probably due to
ringing in the load cell, whilst the latter case would suggest their being due to a
specimen response. When the frequency of the serrations in the crush trace was
measured, a figure of 3 kHz was obtained. This figure was compared to the natural
frequency of the load cell, as found by striking the crush platen with a copper mallet,
of about 20 kHz. The use of a protective steel plate on the load cell reduced the
natural frequency to 8 kHz without affecting the crush load response. As this figure
was found to be much higher than the frequency of serration in the crush traces, the

serrations cannot have been due to ringing in the load cell.

The possibility of the serrations being due to ringing in the sample can be disregarded,
as the frequency was found to be independent of the tube length, thus independent of

the expected natural frequency of the tube.
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8.1.2.3 Initial Peak Load

The other notable feature of most of the impact traces was an initial load peak
observed for all impacts performed after the crush zone had been established in a
previous test {figure 3.8 (a)}. The load peak was similar to that obtained in the
instantaneous speed change tests with the speed change from slow to fast {e.g. figure
4.61} and probably had the same origin in the difference between static and dynamic
friction (section 8.1.1.2). The size of the peak was related to the impact velocity as
shown in figure 4.3, a plot of the normalised peak height as a function of the impact
velocity. If the peak load was due to the difference between static and dynamic

friction, figure 4.3 should extrapolate to unity at vi=0. However, the value of F was

known to be speed dependent, from the results presented in figure 4.2!, so this

extrapolation might be invalid. When the extrapolation was carried out on these data,
the value of Fi/F did not extrapolate to unity, implying that the conclusion concerning
the origin of the peak load might have been incorrect. However, the level of scatter in

these data was high, hence conclusions difficult.

8.1.2.4 Impact Force-Time Traces

The traces obtained from the impact tests were force-time traces rather than the force-
displacement traces that were obtained from constant speed crushing. Force-velocity
traces would have been more use in determining speed related effects, but it was not
possible to obtain these with the instrumentation available. However, the force-time
traces that were obtained approximated to force-velocity traces. This was due to the

crush load approximating to a square wave. As the area under the force-time trace was

1 This figure was for specific crush stress which was directly related to F as the tubes were all of the
same dimensions.
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a measure of the momentum of the sled on impact; at any time in the crush, the area
under the force-time trace up to that moment represented the momentum that had been
"absorbed" by the crushed tube. As momentum scales linearly with velocity, a square
wave force-time response will give a linear decrease in velocity with time {figure 8.1}.
Thus the force-time traces that were obtained could be approximated to force-velocity
traces. It should be possible to integrate the force-time trace on a computer to give an
accurate force-velocity response, but it is unlikely that this would give any further

insight into crushing under impact conditions.

8.1.2.5 Displacement:Time Traces

Examination of the displacement:time traces, that were used to obtain the impact
velocities, showed a reversal of the displacement after the crushing had finished
{figure 3.8 (b)}. This feature of the test was due to the sled bouncing back after the
energy of the impact had been absorbed. This bounce-back was observed in high
speed cinematography of impact tests. It was possible to determine the bounce-back
velocity of the sled from the gradient of the displacement-time trace and to relate this
to the force-time trace obtained for that tube. The bounce-back was due to elastic
unloading of the tube after crushing. By performing a momentum balance on the
crush trace, it was possible to determine the point on the force-time trace that
corresponded to zero crush velocity. On figure 8.2, a schematic of a typical force-time
trace for a glass mat-polyester tube, the point of zero velocity was found to be at

point N.

The bounce-back velocity was expected to have been a function of the length of the
tube at the end of the impact crush, due to the stored elastic strain energy in the tube

increasing linearly with increasing tube length. On relief of the crush load, this energy
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was converted to kinetic energy of the sled, so the more strain energy that was
released, the higher was the bounce-back velocity. As kinetic energy is proportional to
the square of the velocity, the bounce back velocity was expected to be proportional to
the square root of the tube length. The degree of error in the measurements for the
bounce-back velocity and changes in the bungee pre-tension, meant that this effect

could not be shown from the data collected.

The aforementioned high speed cinematography of the tests was unable to offer any
insight into the high speed crushing process apart from showing the bounce back of
the sled. It has not been described here because it did not form part of this project and

was performed before the commencement of the project, by other workers.

8.2 Speed Effects

Figures 4.1 to 4.11 show the room temperature speed sensitivities of the various tubes
tested in this investigation. Speed effects in the properties of polymers and polymer
composites, are generally related to the viscoelastic response of the material (section
2.2). However, in the case of tube crushing, frictional temperature rises have been
shown to be present as an additional speed related effect (section 7.2). One other non

viscoelastic contribution to speed effects has been identified, namely inertia of debris.

8.2.1 Inertial Effects

During tube crushing, there was a significant flow of material in various directions
away from the crush zone. At high speeds this debris must have been accelerated from
rest, relative to the tube, to the velocity of motion away from the crush zone, requiring
an accelerating force according to Newtonian physics. This force will have resulted in
an increase in the crush load, so it is important to estimate the magnitude of this force

and to know whether it is of significance.
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Considering the case of constant speed crushing at a velocity v, assuming that the
inertial effects from the internal debris were the same as those from the external
debris, and that the debris moved away from the crush zone at v, normal to the tube
axis (due to conservation of matter), the momentum of the debris could be calculated.
Considering an element of tube length dx from a tube with a mass per unit length m/I.

The mass, M., of the element was:

M= (8.1)

(8.2)

The distance over which acceleration, a4, took place was 8x, due to conservation of

matter, so the inertial force, F;,, was:

Fin=Mg aq (8.3)
using:

Ve =u, tagt (8.4)
and:

x=uct+% aq t2 (8.5)

where u. =0 gave:

2=y (8.6)

combining equations 8.2, 8.3 and 8.6 gave:
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m v
Fin =77

(8.7)

For the case of a 20 m s~! crush of a tube with a mass per unit length of 0.8 kg m~1, for
instance a Tufnol tube impact tested on the crash rig, a force of 80 N was calculated
for the external fronds, or 160 N for both the internal and external fronds combined.
As crush loads for these tubes were typically of the order of 50 kN, 160 N was not
significant as it was within the error of experimental measurement and less than the

observed scatter in the results.

From equation 8.7, the inertial force increased with the square of the crush speed.
Thus at higher speeds this force could become significant. Rearranging equation 8.7

gave:

[aF,1
ve=\[ T (8.8)

Setting a significance level at an arbitrary 1 kN!, from equation 8.8 a speed of about
70 m s~! must be exceeded for this force to become significant. This is shown in

figure 8.3. 70 m s~! is considerably above the speed range that was investigated in this

project and can be disregarded.

In section 7.1.2 local acceleration of material within the crush zone was mentioned.
This acceleration was essential to allow the flow of material to occur past the wedge,
acceleration being positive close to the wedge-frond interface and negative close to

the outside of the tube wall. The relative distances involved were small and any

kN s approximately the error of measuring the crush load from a typical crush trace with no
serration.
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effects due to this phenomenon can be disregarded for tests within the speed range

considered in this project.

8.2.2 Epoxy Matrix Tubes

All of the tubes used in this project that incorporated epoxy resins as the matrix
showed increases in specific crush stress with increasing crush or impact speed
{figures 4.1, 4.2, 4.9 to 4.11}. This behaviour was consistent with that observed by
other workers [17,60]. The increases reflected increases in the strength and fracture
toughness of the material as discussed in section 2.2 and observed in the bend tests

that were carried out in this project {figures 4.68 to 4.70}.

The majority of the changes in specific crush stress could be related to simple changes
in the mechanical properties, as there were no observed systematic change in the
crush zone morphology, although this is discussed further in section 8.4.3!. In the
case of constant speed crush tests, a good straight line fit was found for the specific
crush stress with increasing speed on a logarithmic scale. This behaviour was
consistent with the linear increases in yield strength and Young's modulus that have

been observed for epoxy resins (see section 2.2.1.1.1).

That the specific crush stress increased linearly with the logarithm of the speed did
not mean that the speed sensitivity was due to viscoelastic responses without any
contribution from frictional heating (section 7.2). It was not known what the response
would have been if there had been no heating, nor was it known what the effect of the

heating would have been without any speed dependent response of the matrix, so it

1 Apart from a greater degree of fracture at high speeds. However, this has not been quantified.
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was not possible to be any more definite, although this is discussed further in section

8.4.

The force-time traces from the impact tests on the epoxy matrix tubes were expected
to show a decrease in the mean load as the crush progressed. This was because the
crush speed decreased during the crush, hence the equilibrium specific crush stress
decreased in accordance with the results presented in figures 4.1 and 4.2. This
expected decrease was however, not observed. This might have been connected to the
crush zone trailing the crush speed, as was discussed in section 8.1.2.1, as the main

determinant of the specific crush stress might have been the crush mode. The decrease
was expected to be about 6 kN for a 20 m s™! impact. This was the difference in crush

load between that measured for a 20 m s™! impact and that for a 0.002 mm s~! crush;
this load change might have been masked by the serrations in the crush trace. The lack
of a decrease in the crush load might have been significant with respect to the theory
of the crush zone trailing the speed and the effect on the crush loads for subsequent
impacts. It implied that there was no significant mode change during the impact, thus
the subsequent impacts would not have been expected to give a lower crush load than

the initial impact.

One aspect of the crush mode that was not carried from one impact to the next was the
temperature rise response, as the time between performing an impact and setting up
for the next impact allowed the crush zone to cool so the temperature rise response
was not dependent on the previous impact. However, the model in section 7.2 showed
that the temperature rise response was independent of the crush speed at the speeds

encountered in the impact tests so this observation might be of little consequence
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apart from requiring the crush zone to reach thermal equilibrium for the subsequent

tests.

8.2.3 Polyester Matrix Tubes

Section 4.2.2 showed that there was a significant decrease in specific crush stress with
the change from constant, slow speed crushing to high speed impact testing {figure
4.6}. This behaviour was consistent with the differences in specific energy absorption
that were quoted in the literature for low and high speed crushing, for tubes with
similar matrix materials {e.g. figures 2.22 and 2.26}. Although little information was
available concerning the variability of the material properties with the strain rate,
reference should be made to the observation in section 2.1.4.1.1.1 of the literature
review, that the fracture toughness of these resins increased with increasing strain rate,
while the specific energy absorption of polyester resin matrix tubes decreased with
increasing matrix fracture toughness. Generally, most of the mechanical properties of
polyester resins improve with increasing strain rate (section 2.2.1.2), meaning that the
decrease in specific crush stress that was observed must have been due to some

mechanism other than deformation or fracture.

The force-time traces obtained from the impact tests on the glass mat-polyester tubes,
for instance figure 3.8 (a), showed that the crush load increased with increasing
duration of crush, hence decreasing speed. This behaviour was expected for tubes
where the crush load decreased with increasing speed. The concept of the crush zone
trailing the crush speed as discussed in section 8.1.2.1 will have been applicable to
this situation, but it was not clear if there was any change in the actual crush mode
during the decrease in crush speed. That there was no significant difference between

the specific crush stress for the first impact and subsequent impacts, unlike for the
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Tufnol tubes, suggested that there was no difference in crush mode and that the

differences in specific crush stress with speed were due to the actual speed at any time.

The change between the results from low speed crush to those from impact tests,
might be related to the frictional heating behaviour at the interfaces. Although the
modelling that was carried out in section 7.2 was based on the observations for the
Tufnol tubes, the modelling could be applied to the glass mat-polyester tubes where
the frond-wedge-frond type of crush mode was observed {figures 6.24 and 6.25}. At
high speeds, the interfacial temperatures were predicted to be high, typically
exceeding 300 °C for these tubes at the resolution used. This might have resulted in
polyester decomposition, leading to a decrease in the friction, hence a decrease in the
crush load and specific crush stress. This however, does not explain why filament
wound tubes with a +55° lay-up were more sensitive to the crush speed than 0-90°

tubes with the same matrix resin {figure 2.21}.

The instantaneous speed change tests for the glass mat-polyester tubes showed a
different behaviour from the comparison between the impact tests and the constant
speed crush tests. These tests, at room temperature (22 °C), gave no appreciable
difference in the crush load for high or low speed. This was consistent with the single,
constant speed crush tests, as the latter showed no speed sensitivity over the speed
range utilised in the instantaneous speed change tests for the polyester matrix tubes
{figure 4.4}. It must be concluded that these tubes behaved differently at impact

speeds compared to low speeds.

Unlike for the glass mat-polyester tubes, the constant speed crush test results from the
RJPW tubes gave a clear increase in specific crush stress with increasing speed over

the range tested, also showing clearly on the instantaneous speed change test traces.
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The nature of the reinforcement for these tubes was different, a material variable that
is known to have an effect on the speed sensitivity of the specific crush stress (section

2.1.4.1).

8.3 Time-Temperature Superposition

Many of the properties of polymer composites are known to be dependent on both the
temperature and the strain-rate. These dependencies can often be related to processes

that are thermally activated.

8.3.1 Thermally Activated Processes

It has long been appreciated that the time and temperature dependencies of properties
can be approximately related by an Arrhenius type equation. For instance, the rate

constant, k, of a chemical reaction can be given by:

k= A exp (1) (8.9)

where the time and temperature dependencies are governed by the activation energy
for the reaction, AH [120]. In equation 8.9, R is the gas constant, which may be
replaced by Boltzmann's constant depending on the units for AH; T is the absolute

temperature and A is a constant.

For most viscoelastic phenomena such as deformation, values of AH relate to a
thermal activation barrier that must be overcome for the rate controlling step in the
process to proceed, for instance chain rotation or chain sliding. Providing there is no
change in the rate controlling mechanism, the value of AH would be expected to be
independent of the temperature and the strain-rate. However, if there was a change in

mode of deformation with different processes becoming rate determining, then AH
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might not be constant and would only be related to the strain-rate and temperature in

question.

The Arrhenius equation, as normally quoted, was derived from the van't Hoff equation

(8.10) involving an integration with respect to the temperature:

dink AH
dT  RT?

(8.10)

The integration required the assumption that AH was independent of the temperature,
hence if AH varied with temperature, the integration would have been imprecise and
errors could have occurred. The Arrhenius equation was originally derived for
chemical reactions but can also be applied to other thermally activated processes. The
requirement for the rate constant of a reaction to be proportional to the negative
reciprocal of the absolute temperature, is often not obeyed for complex chain

reactions, hence the Arrhenius equation is not obeyed [120].

8.3.2 Application to Tube Crushing

The basic principles of thermally activated processes were applied to the crushing of
composite tubes at different speeds and temperatures. For this purpose the Arrhenius
equation was adapted to deal with tube crushing. This was done by replacing the rate

constant with the crush speed, i.e.:

-AH
Ve = V0 €Xp (ﬁ) (8.11)
Although the Arrhenius equation was applied and values of the activation energy
determined, three different effects were identified that did not allow the Arrhenius
equation to describe accurately the interrelation of speed and temperature for crushing.

These were: frictional heating in the crush zone, residual strains in the material and

Page 238



Ph.D. Thesis: QPV Fontana; University of Cambridge; 1990

inertial effects of movement of the crush debris away from the crush zone. Frictional
heating was speed dependent and has been discussed in depth in section 7.2. Residual
strains are discussed in section 8.5 and were only dependent on the temperature of
testing, being independent of the crush speed apart from any interaction with the
frictional heating which might have occurred. Inertial effects were discussed in

section 8.2.1 , being dependent on the crush speed and not the temperature.

Despite the limitations imposed by these factors, values of AH were determined for
each of the tube types investigated. For the case of tube crushing, there was a distinct
change in mechanism between tests performed at high and low temperatures such that
the values of AH would not necessarily be expected to be the same. Also, there were a
large number of individual fracture and deformation processes that occurred in the
crush zone so the interaction of these processes determined the crush zone
morphology, hence it was unclear as to whether there was only one rate determining

mechanism.

Figures 5.1 to 5.8 show some differences in the behaviour of the various tubes tested
in this investigation. Figure 5.1 shows that the speed sensitivity of the specific crush
stress for Tufnol tubes was largely independent of the temperature between -100 °C
and 80 °C, above which temperature it increased rapidly. This behaviour can be
related to the trends observed by Pink and Campbell for the temperature sensitivity of
the tensile stress for an epoxy resin {figure 2.42}, in particular the rapid increase in
the speed sensitivity as the Tg was approached and the decrease just before the rapid
increase with increasing temperature. Figure 5.1 shows some features which might
have been due to specimen variability but equally, might have been genuine features

of the behaviour of the tubes. In particular there was a peak in the speed sensitivity at
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about 50 °C!. This peak might have been related to features that were observed in the
literature for the speed sensitivity of various material properties (section 2.2) [64], and
can be likened to a slight peak in the loss tangent at similar temperatures as shown by
Egusa et al. for glass cloth-epoxy {figure 2.46} [69-71]. That work showed a more
dramatic increase in the loss tangent at temperatures in excess of about 90 °C, which
might have been reflected in the results presented in figures 5.1 to 5.8. However, the
unstable collapse mode encountered in these tests prevented further extrapolation of

the results.

The calculated values of activation energy for crushing for the RIPW tubes gave a
negative value at -20 °C, relating to a negative speed dependency. This value implied
that there was no activation barrier to overcome, hence the crushing process should
have occurred without an input of mechanical energy, so the tube should have
collapsed spontaneously. The concept of a self-crushing tube is obviously ridiculous,
hence the use of the Arrhenius equation to relate speed and temperature effects can be
seen to be unreasonable in this case. Thus doubt concerning the value of quoting an
activation energy for crushing must be expressed, except to note that it can be
regarded as being a quantity that relates speed and temperature sensitivity at that
speed and temperature. As discussed in section 8.2.3, the negative speed dependencies
of the polyester matrix tubes that were observed at high speeds were probably due to
frictional effects at the wedge-frond interface. This was a single mechanism which
appeared to dominate the speed dependency which was not so apparent for the other
tubes, so that the conclusions regarding the validity of the activation energy might

only be valid for the polyester matrix tubes. It should be noted that the observed low

1 Which was also observed for the other types of tube.
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temperature behaviour was similar to that of high speed, so that some form of time-

temperature superposition was present in this case.

Three of the A versus T traces {figures 5.1, 5.3 and 5.7} showed a sudden increase in
A at high temperature, an increase that was preceded by a slight drop. This slight drop
might have been due to experimental scatter, but it's appearance in three of the traces
suggests that it was a true effect, which might have been related to the drop in the
yield strength of epoxy resins that was observed by Pink and Cambell [64]. The lack
of a similar drop in figure 5.7 was due to the random filament reinforced tubes

collapsing at too low a temperature (70 °C) for this effect to show up.

8.4 Crush Mode

In much of the preceding discussion, the crush mode was taken as an abstract concept
and the crush zone treated as an undefined entity into which uncrushed material
entered, and from which crushed material emerged, having absorbed energy (a black
box). The crush mode was treated as an entity which was appropriate for the test
conditions, and changed with any change in those conditions, the changes being
sometimes subtle and not directly detectable in form by observation. Evidence of
these changes can be taken from the behaviour of the force-displacement traces
obtained from the instantaneous speed change tests where the crush load took a
distance to equilibriate to a mean value after the speed change (see section 8.1.1). No
description of the crush zone has been given so far apart from the observations based

on the crush zone micrographs in chapter 6.

8.4.1 Crush Zone Micrographs

The micrographs in chapter 6, showed that the observed hackle size and the degree of

interlaminar shear were related, as high temperatures favoured small hackles and a
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high degree of interlaminar shear, while low temperatures favoured large hackles and
a low degree of shear {compare figures 6.5 and 6.18}. These observations were
indicative of a shear stress system at any point within the fronds as material flowed
past the wedge {figure 8.4}. Examination of the hackles showed that they were
formed by fracture, as there was no notable material deformation within each
individual hackle. It was probable that the fracture was a mixed mode type, with
components of mode I and mode II being present, although geometrical
considerations indicate that the majority of the fracture was mode II. The geometry of

the fronds is discussed further in section 8.4.1.4.

Elongation of voids was observed particularly in the material that was close to the
wedge-frond interface during it's traverse of the crush zone. This feature was
indicative of matrix deformation, as different plies of the glass cloth slid relative to
each other. This deformation could be likened to the inter-ply sliding that was
observed by Fairfull [51], where the fronds delaminated. In those tests, the tubes had a
much higher void content than the Tufnol tubes investigated in this work, so they
probably had a much lower interlaminar shear strength (ILSS) [40]. This lower ILSS
resulted in Fairfull observing a very different mode of crushing from that which was
observed in this investigation, as there will have been a much lower degree of through
thickness stress in the fronds of Fairfull's tubes, when compared to the Tufnol tubes.
Consequently, there was no formation of hackles in those tubes. In the Tufnol tubes
there was an equilibrium situation where the formation of hackles and the matrix
shear deformation balanced according to the test conditions. It is known that the
strength of epoxy resins decreases with increasing temperature whilst the fracture
toughness of composites increases (section 2.2), thus as the test temperature increased,

matrix deformation became easier and fracture more difficult, such that the crush
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mode tended towards one incorporating a greater degree of matrix deformation with
less fracture. This was consistent with the observations that the size of the hackles
decreased with increasing temperature and that the degree of void flattening increased

(see also section 6.1.1).

Temperature rises in the crush zone were also significant in determining the nature of
the crush zone. In section 7.2 frictional temperature rises were shown to be greatest at
the wedge-frond interface, this being close to the region where shear deformation of
the matrix was observed. As the temperature rose, then this shear deformation will
have required less energy. The temperature rise distribution was a function of the
testing speed as, at high speeds, the temperature rises were high, but localised close to
the wedge-frond interface, while lower speeds gave lower peak temperatures, but the
rises were significant away from the wedge-frond interface. Thus it might be expected
that the size of the hackles decreased with decreasing speed. Comparison of the high
speed impact micrographs with the constant speed crush micrographs was
inconclusive in this respect. The impact tested tubes, shown in figures 6.8 to 6.13, did
not generally exhibit any clear hackles, rather the fronds formed with a substantial
degree of fracture and delamination. The low speed crush micrographs were also

inconclusive as the crush zones did not all exhibit hackles.

The observations that have been made on the behaviour of the hackles and the matrix
deformation have been based on idealised crush zones for the temperatures in
question, and on a combination of several observations. However the actual features
in the crush zones often differed significantly from the ideal. Typical deviations that
have been observed, were due to interlaminar shear fractures such as those observed

by Fairfull as well as other types of fracture. These have been encountered at high
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speeds and low temperatures, conditions under which the fracture toughness of the

material is known to be low.

One important conclusion that must be reached is that the factors that determine the
exact nature of the crush zone are not as yet fully understood. However, it is clear that
there are a large number of variables that must be taken into account although they are

not all easily controllable, nor are they independent of each other.

8.4.1.1 Hackle to Deformation Transition

As was discussed in section 8.4.1 the formation of the observed hackles was due to
through-thickness shear fracture and the size of the hackles was, to some extent,
dependent on the ability of the matrix near the platen to deform in shear normal to the
shear crack direction. Figure 8.5 shows two other important features connected with
the transition from the shear deformation region to the shear fracture, hackle
formation region. These were; local buckling failure of the plies of glass that were
originally in the axial direction in the tube wall, and matrix and interfacial cracks
perpendicular to the hackle shear cracks. The buckling of the axial fibres appears to
have happened in only one layer of the cloth, close to the centre of the frond. The
buckling was due to the layer being under a compressive load parallel to the axial
direction, with the fibres being unable to buckle due to being constrained in the radial
direction by the other layers of glass cloth. When the hackle shear crack grew to the
extent of reaching this ply, the constraint was relieved and the ply was able to buckle
out of plane, thereby blunting the shear crack and determining the size of the hackle.
An important consequence of this behaviour was that the size of the hackles must
have been dependent on the relative positions of the plies of glass cloth and the

outside of the tube wall, in much the same way as the position of the centre wall crack
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was determined, as is discussed in section 8.4.1.2. The cracks that have been observed
in this region appear to have been formed in connection with the strand buckling. As
the strands buckled out of plane, mode I cracks were formed and the hackle shear

cracks were blunted.

This behaviour was reflected in the tubes crushed at higher temperatures. With these
tubes, the outer plies of glass cloth appeared to have formed local buckles to give a
hackle-like effect {figures 6.18 and 6.20}. Plies that were inside of the fronds also
appeared to have buckled, the out of plane constraint having been greatly decreased
due to the softening of the matrix. However, the inner frond buckles appeared to have
been connected with an external buckle in each case for the plies that were near to the
outside of the wall, although this was not always shown clearly for the plies at the

centre of the frond.

8.4.1.2 Centre Wall Crack

For most of the crush zone sections that have been observed, the mode was one of
frond-wedge-frond with a crack propagating down the centre of the wall ahead of the
wedge. It was noted in section 6.1.1.1 that the wedge was sometimes displaced to the
inside or outside of the wall centre line, although no trends were identified. Some
consideration must be given to the position of this wedge and crack relative to the

tube wall.

If the wall had consisted of a flat plate, constrained equally on either side and
comprising an even number of plies of glass cloth, then the apex of the wedge and the
crack ahead of it, would have been located at the centre of the wall, as this was the
equilibrium position for a force balance. Also, the crack will have run through the

path of least resistance, this having been between the plies of glass cloth. However,
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this case was, at best, an idealisation of the true situation. The tubes used in this
investigation differed in two important ways from the ideal, even for perfectly
manufactured tubes. Firstly, the curvature of the tube wall meant that the restraints on
the wedge and crack were not necessarily equal internally and externally if the wedge
and crack had been at the centre of the tube wall (see section 7.1). Secondly, the

glass cloth in the tube wall was wound helically rather than concentrically, such that
the position of the path for easiest crack propagation closest to the centre of the tube

wall, varied around the circumference of the tube by =+ half a ply thickness {figure 8.6

()}

The latter observation led to a difficulty in defining the wedge position. Assuming
that the helical winding of the glass cloth was the only factor affecting the wedge
position, the wedge will have been at the centre of the wall at only one point on the
tube circumference. Diametrically opposite this point, the wedge was expected to
have had two apices, each half a ply thickness either side of the centre line of the tube
wall {figure 8.6 (b)}. Determining the positions of the actual centre-wall wedge and
the twin-apex wedge was difficult and the latter has not been observed, if it did indeed

exist.

The transition between single apex and twin-apex wedge was not expected to have
been sudden at the point diametrically opposite the centre-wall wedge, rather a
transition from an externally biased to an internally biased wedge might have
occurred over an arc of the tube wall. This transition might be expected to be in
accordance with catastrophe theory [121] in that, following the inter-ply position
round the circumference, a point will be reached when either the present position, or

one the other side of the intervening ply, can be the equilibrium one for the centre
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wall crack, depending on the direction of approach. However, the crack must be
followed further round the circumference in order to find the position at which the
crack will only exist on the other side of the centre line. If the crack were to continue
indefinitely, then the whole of the crush zone would delaminate and have a much
lower degree of integrity. It is possible that this effect might have given rise to some
degree of localised delamination in some parts of the crush zone, although none have
been observed for the Tufnol tubes. This might have been a contributing factor to the
delamination in the fronds of Fairfull's tubes [51]. The transition of the crack position
from one side of the wall centre to the other will probably be accompanied by a
progressive shortening of the crack, and a reduction in size of the wedge on that side
of the tube wall centre line, to zero. It might be possible to show this effect by
progressive sectioning of a mounted crush section, from the wedge top downwards,
but attempts have proved inconclusive. Consideration of the interfacial forces with a
twin apex wedge indicates that it was not likely to have been very stable and that
some interaction between the two wedges might have prevented a twin apex wedge
from forming due to wedge shortening before the wedges overlapped. Some

investigative practical work in this area might be beneficial.

For the reasons outlined above, within the limit of one ply thickness, any variation in
the observed position of the centre wall crack was meaningless with regard to any
variations in the crush zone morphology. This limit of + one ply thickness can also be

applied to the size of the hackles in the fronds for similar reasons.

8.4.1.3 Number of Fronds

The number of external fronds formed was dependent on the test temperature, this is

shown clearly in figures 6.26 to 6.29. Formation of the fronds was due to the presence
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of tensile cracks between the fronds, parallel to the radial direction. These cracks
consisted of mainly fibre fracture, which was largely independent of the test
temperature in the range under investigation, so the behaviour of the fronds must be
explained by a different mechanism. This mechanism was the flattening of the tube in
the radial direction between the inter-frond cracks. This effect was due to compressive
stresses acting in the radial direction, resulting in deformation that was sensitive to the
matrix properties, hence the temperature {figure 8.7}. This deformation showed a
degree of out of plane buckling that increased with increasing temperature and led to
an instability at high temperatures, resulting in the buckling mode of collapse that was

observed and is discussed in section 8.4.2.

8.4.1.4 Strains in the Layers

As the layers of glass cloth moved past the wedge-frond interface they were subjected
to bending through a radius of curvature. This bending required strains to be set up in

and between the layers for the necessary deformation of the material to be achieved.

Figure 8.8 shows a schematic of layers of glass cloth as they moved past the wedge-
frond interface. For a constant wall thickness and radius of curvature of the interface!,
the strains that must have been accommodated in the frond material will have been
independent of the test speed and temperature except for any out of plane deformation
as discussed in section 8.4.1.3. Thus the system may be said to have been a strain

controlled system.

I This radius was not constant with respect to the temperature but has been considered as such for the
purposes of this analysis (see section 6.1.1).
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8.4.1.4.1 Tensile or Compressive Strains

This analysis was to provide some insight into the magnitude of the strains involved

in the layers. From figure 6.4 the radius of curvature of the wedge-frond interface, r;,

was about 3.2 mm for a Tufnol tube tested at 10 mm s~!. From figure 8.8 the angle

through which the material flowed was 90°, so that the length of the arc, 1,, through

which each layer flowed was:

lh="5 (8.12)

From this the mean strain in each layer could be calculated and it was possible to
estimate the tensile strain in adjacent layers in the absence of any shear strains. As the

strain was given by the change in length divided by the original length:

e=7" (8.13)
a
If Al, was given by:
s
Aly=(tp - Th41) 3 (8.14)

where 1, was the radius of curvature of the centre of the nth layer from the wedge-
frond interface. For the layer separation of t/N, where t was the wall thickness and N

the number of layers of glass cloth, then:
t
I'n+1 =Tn ‘ﬁ (8.15)
so Al was given by:

Tt
Al,=7 N (8.16)
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and 1, was given by:

t\ T
1= (ory 1) (8.17)
SO:
t
e=—0 (8.18)
n (rn - ﬁ)

Using the values of t=2.5mm, r,=r; =3.12mm! and N=15:
€=0.055

This value was greater than the strain to failure in bending of the Tufnol flat plate
material as shown in figure 4.70, of about 0.02. However, this difference could be
accounted for by the constraints of the glass cloth in the fronds, by sharing the strains
in the plies between tension and compression and shear contributions to the

deformation.

8.4.1.4.2 Shear Strains

For the purposes of this analysis it was necessary to assume that shear deformation
was between the plies of glass cloth, so that the shear strain, y, between each layer
was taken as being the difference in length of the two adjacent plies, divided by the

distance between the centres. This was given simply by:

(8.19)

=
Il
(TR

IThis was the mean radius of the first layer of glass cloth starting at the wedge-frond interface.
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This was the total shear deformation that would have been required in the absence of
any tensile or compressive deformation. Shear deformation was mainly
accommodated by shear flow in the matrix, as the matrix shear modulus was much

lower than the glass shear modulus.

This analysis showed that the differences in the lengths could be accommodated by
elastic tension or compression, by shearing of the matrix material between the plies,
or a complex combination of these effects. The relationship between the degrees of
shear and tensile deformation were dependent on the relationship between the elastic
properties of matrix shear modulus and composite compressive modulus, as well as

the energy to cause permanent shear deformation.

8.4.1.4.3 Evidence from the Micrographs

After the material had traversed the wedge-frond interface, if there had been no
permanent deformation in the material, then the fronds would have moved along the
platen, the deformation having been relieved once the material had moved away from
the crush zone. Figures 6.1 to 6.5 show clearly that this was not the case for crushing
at room temperature and that some form of permanent deformation must have
occurred. Likewise at higher temperatures, the fronds retained a degree of curvature
after traversing the wedge-frond interface {figures 6.17 to 6.21}. Any differences
between the amount of post crush curvature of the fronds, is not necessarily indicative
that some have experienced greater permanent deformation than those tested at other
temperatures. This effect could also be masked by the resin being softer at higher
temperatures, so that the recovery of elastic tensile strains in the plies on the relief of
the crush load, might have resulted in permanent deformation in a direction that was
opposite to that experienced during crushing. Had there been no elastic deformation,

the frond radii would have remained the same as the wedge-frond interface radii.
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However, the radii of curvature of the fronds were all greater than those of the wedge-
frond interface, implying that there must have been a degree of elastic deformation in
the crush zone. The difference in the curvature between the frond and the wedge-
frond interface could give a measure of the relative contributions of elastic and plastic
deformations. However, hoop restraint was an important factor that affected the frond
curvature, as was the position of the section through the frond, so no attempt was

made to quantify this effect.

If the system was considered as a strain controlled system, then the tensile and
compressive strains that must have been accommodated in the plies of glass cloth
were independent of the test temperature. If the elastic moduli of the glass cloth were
independent of the temperature in the range considered!, then the stresses in the plies
for the same strains must have been the same irrespective of the testing temperature.
However this does not take into account the degree of inter-ply shearing which might
have occurred, the extent of which will have been strongly dependent on the
temperature, as the shear strength and strain to failure of the matrix material were
known to be strongly temperature dependent (see section 2.2). Thus the expected
mechanism of strain accommodation must have changed with any change in the test
temperature. The frictional temperature rises, as discussed in section 7.2, also

contributed to the complexity of description of the system.

In the plies close to the wedge-frond interface, out of plane deformation was
constrained, so that strain accommodation could not be made in this way. However,

away from the wedge-frond interface, the constraint was less and the strains could be

IThis was not a valid assumption as the weave of the glass cloth implied that the tensile and
compressive moduli were dependent on the matrix constraining effect.
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accommodated by out of plane buckling. This effect was observed in the plies that
were close to the shear hackles in the fronds. Load transfer between adjacent layers
will have been by shear, this causing some local shear deformation which may be seen

in the micrographs as flattening of the voids.

The micrographs in chapter 6 showed that the requirement for through ply shear
fracture to form hackles, was not as great at high temperatures compared to low
temperatures. The through thickness shear strength of the material was expected to be
largely independent of the test temperature, as it was mainly fibre fracture rather than
matrix fracture, so at high temperatures, the required strains must have been achieved

by shear deformation between the plies.

8.4.1.5 Modelling

It has not been possible to provide a full description of the proportions of energy
absorption by different mechanisms as the stress distribution in the crush zone is
unknown. Some attempts have been made with the intention of describing the crush

zone mathematically [51,122] but so far these have proved unsuccessful.

In the field of composite energy absorption, many variables have been examined and
their effect on the crush stress recorded (section 2.1). The crushing process is such
that any change in the material or testing variables will change the stress distribution
within the crush zone (see section 7.1). This observation means that, to gain a full
understanding of the crush process, the energy absorption and stress distributions
must be determined for all of the test circumstances. The most promising method of
predicting the behaviour of tubes during crushing is finite element modelling (FEM).
However, the inherent complexity of the crush process requires a high degree of

understanding of the process before any effective modelling can be carried out.
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8.4.2 Frond:Buckling Transition

At the higher temperatures that were used in the testing, in the region of 90 °C to

110 °C for Tufnol tubes but lower for the resinjection tubes, a transformation was
observed between the frond-wedge-frond collapse mode and one of macro tube
buckling {figure 6.30}. The transition at any speed, occurred over a temperature range
of less than 10 °C, this being a range in which the mode could not be predicted with
any confidence. The actual mean temperature of this transition range was speed
dependent as shown in figure 4.25. The transition was taken from the uncertain mode
points in figure 4.25, and a good linear agreement was found with temperature and log.
speed. An increase in the speed by a factor of ten was equivalent to a decrease in the
temperature of about 5 °C. This speed dependence of the transition was also observed

in the instantaneous speed change tests where, at 100 °C, the Tufnol tubes crushed

progressively at 10 mm s~! but buckled at 0.002 mm s~!. The transition for the impact
tested tubes was found to be at a considerably higher temperature than for the slow
speed crush tests. There were two basic reasons for this, firstly the speed itself, this
being consistent with the observations above, and secondly the heat losses that the
tube will have experienced during the transport of the tube from the oven to the crash
rig for testing. It was possible to obtain an estimate of the temperature of the tube at
the point of impact by extrapolating the line in figure 4.25 to the impact velocity. This
gave a temperature of 128 °C for the impact buckling transition, compared to the oven
preheat temperature of 170 °C for buckling, indicating a temperature loss of about

42 °C during the test.

Mathematical models of tubes buckling under axial compression have yielded an
equation to predict buckling loads [123]. Composite tubes under conditions where the

tube is able to buckle, for instance when the matrix is soft enough to allow buckling to
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occur before catastrophic centre fracture, might be expected to obey this equation.
However, this buckling equation was based on an axisymmetric tube with no
irregularities. For tubes crushed at temperatures in the frond-buckling transition
region, there were out of plane deformations due to the attempted formation of fronds.
These out of plane deformations could have caused buckling to be initiated at lower
loads than those predicted by the buckling equation. For tubes crushed at temperatures
that were above the upper boundary of the transition region, there was no evidence of
frond formation. This means that the same type out of plane deformations will not
have been present, although out of plane loading will have been present due to the use
of a 45° external chamfer as a trigger. Examination of the chamfered end showed that
the chamfer collapsed to form a square end to the tube, but there was no evidence of
any significant out of plane deformation. The out of plane loads mean that normal

buckling analysis is inappropriate in the case of these tubes.

The frond-buckling transition was reasonably consistent with viscoelastic behaviour.
The three mechanisms identified as potentially causing deviations from this situation
were insignificant for this transition. The crush zone temperature rises will not have
been present in the region of the tube that buckled as it was remote from the debris
wedge, assuming that one formed at all. At the speeds in question inertial effects have
been shown to have an insignificant effect on the tube behaviour (section 8.2.1), and
the material flow was very different from that in the fronds. Residual stresses were
probably not present, as the buckling temperatures encountered were above general
post cure temperatures of the composites, hence above the stress-free temperature.
This was not necessarily true for the Tufnol tubes as they were cured at 135 °C, but it
is probable that there were no significant residual strains set up between 100 °C and

135 °C.
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The resinjection tubes also displayed a transition at high temperatures. However, the
collapse mode at high temperature was not reliably predictable and it was not possible
to produce convincing plots such as in figure 4.25, so none were shown. Failure in
these tubes was not consistently by buckling at high temperatures as an

interpenetration mode was also observed as shown in figure 6.31.

For the resinject tubes the transition to buckling or interpenetration generally
happened at lower temperatures than for the Tufnol tubes. There were three important
differences between the resinject and the Tufnol tubes, namely the wall thickness, the
matrix resin and the nature of the reinforcement. For the resinject tubes reinforced
with woven glass cloth, the most important difference from the Tufnol tubes, with
regard to buckling, was probably the wall thickness as a thinner walled tube would be
expected to be less stable than a thicker walled tube. This difference probably

accounted for the change to the interpenetration mode.

The nature of the reinforcement in the resinject tubes also appeared to have an effect
on the transition temperature. In general it was found that the transition was at a lower
temperature for the random glass mat tubes than for the woven glass cloth tubes. The
reason for the difference will have been related to either the fibre volume fraction or
the fibre geometry, or more probably, a combination of the two. Section 2.1.3.4 noted
the effect of a higher fibre volume fraction favouring greater stability so this must

have been an important factor.

8.4.3 Speed Sensitivity of the Crush Mode

The micrographs in chapter 6 showed that any changes in the form of the crush zone
with changing speed could be masked by changes in material properties around the

circumference of the tube, such as the void content and distribution, and the relative
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positions of the different layers and strands of glass cloth. The discussion related to
the instantaneous speed change tests and the impact tests was concerned to some
degree with the crush mode changes without making any definitions, so what
constituted the crush mode must be defined. Each of the mechanisms of energy
absorption, as defined by Fairfull [51] and identified in this work, might have been
sensitive to the crush speed to some extent, and it was the combination of the
responses of these mechanisms, that determined the speed sensitivity of the crush

mode of the tube.

The speed sensitivity of the crush mode could be divided into two areas, material
variables and responses of form. The former category included the elastic,
deformation and fracture properties of the composite and their effect on the crush
mode, while the latter included the crush zone morphology and temperature rises in
the crush zone. Most of these variables were not independent of each other so their

interaction must be considered.

The material variables tended to affect the crush zone morphology and stress
distribution, as did the temperature rises, but at present it is not possible to give any
numerical description of how the crush stress was affected by each individual variable.
However, it is possible to indicate some of the expected and observed trends with

respect to the variables.

As was discussed in section 7.2, the temperature rise behaviour was sensitive to the
crush speed in the range of speeds that were used in constant speed crushing.
However, it was speed insensitive at the impact speeds examined, so this contribution
may be disregarded as a contribution to the variation of crush mode during an impact

test.
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Two mechanisms that were probably sensitive to the crush speed were the formation
of hackles in the fronds by shear fracture, and the shear deformation of the matrix, as
observed by the flattening of voids in the fronds close to the crush platen. These
mechanisms were competitive to some degree, in that a higher occurrence of one
mechanism tended to reduce the extent of the other (section 8.4.1.1). This was due to
the frond formation being a strain controlled process, in which a certain amount of
deformation had to occur in order for the fronds to flow past the debris wedge (section
8.4.1.4). This deformation took three main forms, elastic strains in the plies close to
the wedge-frond interface, shear deformation of the matrix to enable adjacent plies to
move relative to each other and through ply fracture to reduce the compressive strains
in the plies away from the wedge-frond interface. How the two latter mechanisms
interacted depended on three main factors, the resistance of the matrix to shear
deformation, the through-ply shear fracture toughness of the material and the stress
distribution in the crush zone (section 8.4.1). Assuming that the form of the crush
zone was dependent on shear fracture to form hackles and matrix deformation, then
the speed sensitivity during a test will have been dependent on the speed sensitivity of
these two properties. The impact tested tubes did not generally exhibit hackles hence
this discussion is only concerned with constant speed crushing where hackles were
formed (see figures 6.8 to 6.13 and section 6.1.1.2). In this speed range the
temperature rise behaviour was speed dependent, so this was also a contributing factor

to the speed dependency.

As the strain rate sensitivity of the properties of the glass was less than that of the
matrix, so the predominant mechanism that will have determined the speed sensitivity
of the crush stress of the tube was the matrix shear deformation. The strength of the

matrix increased with increasing strain rate (section 2.2), so higher crush speeds
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should have favoured a lower degree of shear deformation, hence a higher degree of
fracture to form larger hackles. As the speed decreased, the shear strength of the
matrix decreased and deformation of the matrix became easier than through ply
fracture. As the energy that was absorbed was the least that was required for the
necessary material flow, so as the shear strength decreased the crush stress decreased.
Superimposed on this effect were the temperature rises in the crush zone. As the crush
speed decreased, then the temperature rises away from the platen became significant
in the formation of the crush zone and shear deformation was favoured rather than

fracture.

While the foregoing discussion has deduced that the strain rate dependency of the
resin shear strength might be considered to be the major contributor to the speed
sensitivity of the crush mode and the crush stress, the actual effect of any change of

this property is unknown due to the inherent complexity of the crushing process.

8.4.3.1 Speed Transition

As has been discussed above, the size of the hackles and the degree of matrix shear
deformation were dependent on the crush speed. When a speed change occurred, the
hackle size and degree of matrix deformation were at the equilibrium level for the
initial speed. Some distance had to be covered in order to move these hackles away
from the crush zone and for crushing to proceed with the equilibrium crush zone for
that speed. Thus the crush distance that was required in order for the crush zone to
equilibriate for the new speed was expected to be of the order of the width of two
hackles in the axial direction, this distance being that to clear the initial hackle and to

form a new one for the new speed. Measurements taken from figure 6.5, a crush zone

from a Tufnol tube crushed at 10 mms-! gave a mean hackle width of about 0.43 mm
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for this speed, which gave a transition distance of about 0.9 mm. The crush traces in
figures 4.58 to 4.64 indicated a transition distance of about 2-3 mm, which was greatly
in excess of the distance of two hackles. This difference could be accounted for by

changes in the temperature rise behaviour (section 7.2).

So far the discussion about the hackle size has been based on observations at one
speed and theoretical predictions as to what might be expected to happen.
Observational confirmation of the predictions should be sought. Comparison of
figures 6.4 and 6.5, sections through two Tufnol tubes cut from the same original

length of tube and tested at different speeds, showed that the predictions might have

been reasonable. Figure 6.5 shows a section through a tube tested at 10 mm s-!, the

size of the hackles was larger than in figure 6.4 which was from a tube tested at

0.01 mm s™!1. The normal variations in crush zone that have been observed between
different tubes meant that caution should be exercised when making claims about the
significance of these observations, but they were consistent with the predicted

behaviour

8.4.4 Fragmentation Crush Mode

The above discussion has been mainly concerned with the frond-wedge-frond type of
crush mode. While this was the main general type observed in this work, one other
main type of crush zone was observed, namely the fragmentation crush mode. The
fragmentation crush mode differed from the frond-wedge-frond crush mode in that the

debris after crushing did not exhibit any post crushing integrity.

This type of crush zone was observed in the tubes tested at low temperatures and high

speeds, being particularly apparent in the tubes that were impact tested after
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immersion in liquid nitrogen {figures 6.14 and 6.15}, and was also observed by Berry

and Hull {figure 2.39} [60].

Some mathematical modelling of this type of crush mode has been carried out but the

details are beyond the scope of this work [124].

The fragmentation mode has been observed regularly in tubes where the fracture
toughness of the resin was low and the strength high, such that the required
deformations to move material away from the crush zone could be accomplished by
material fracture with little or no matrix deformation. In particular fragmentation was

favoured by low temperatures, high speeds and low moisture contents [119].

The fragmentation mode can be likened to the frond-wedge-frond mode where the
shear cracks to form the hackles were large enough to extend through the entire frond
thickness {figure 6.13}. Thus the frond-wedge-frond crush mode with distinct hackles
can be regarded as a transition crush mode between the fragmentation mode and the

frond-wedge-frond mode with no distinct hackles, for instance figure 6.20.

8.5 Residual Stress Effects

As has been discussed above, three factors were identified that did not allow the
simple interrelation of speed and temperature. The presence of residual stresses was
one such factor as, in composite materials, the presence of residual stresses can affect
the mechanical response. Residual stresses can be set up in composites due to
differential expansion or contraction of the fibres and matrix, in either cooling from a
post cure temperature, or due to curing shrinkage of the matrix material. For instance
an unbalanced glass-polyester laminate coupon with a 0-90° fibre arrangement will,

on cooling from a post cure temperature, bend into an arc with the 90° fibres on the
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inside of the arc [125-127]. This is due to the contraction of the matrix, which is
unconstrained in the direction perpendicular to the fibres, being much greater than in
the direction parallel to the fibres, where the fibres have a constraining effect. If such
a laminate is heated, then the radius of curvature of the arc will increase until the
temperature is such that the laminate is flat. At this temperature the residual stresses
will have been relieved, this temperature being known as the stress-free temperature.
Thus residual stresses can be affected by the test temperature of the material but will

be independent of the strain rate.

Residual stresses in composites can be divided into two basic categories, although
their origins are the same from differential thermal contraction. These are micro-
stresses and macro, component stresses. The former category represents stresses
between individual fibres or laminae, and may have the effect of altering properties
such as fibre pull-out behaviour and interlaminar shear strength [40]. These stresses
can also preload the fibres in compression such that buckling can occur at lower
applied compressive loads than would be needed in the absence of the stresses.
Residual macro-stresses are found on a larger scale, and are generally due to
differences in fibre lay up between adjacent laminae, where the individual laminae
undergo anisotropic contraction. They may also be set up due to the component
geometry such as circular restraint. It is the latter type of stresses that are considered

in this section, although micro-stresses will also have been present.

In this section the measured values have been quoted as strains rather than stresses to
eliminate any effects from changes in the material’s Young’s modulus due to material

changes, or differences between plane stress and plane strain conditions.
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Residual strains were found to be present in the hoop direction of some of the tubes
used in this investigation, with strain distributions as shown in figures 4.71 to 4.73
and 5.9 to 5.11. The magnitude of these strains was of the order of 10% of the flexural
failure strain for the material (see section 4.6), being in compression. These failure
strains were expected to have altered the stress state in the crush zone of the tube. The
crush zone force analysis in section 7.1 showed that there were forces on the wedge in
the radial direction. The origin of these forces was mainly in the hoop restraint that
was present for circular section tubes but these forces were expected to have been
affected by the residual hoop strains. It was possible that the residual stresses might
have had the effect of moving the apex of the wedge away from the centre line of the
tube wall (using the assumption that, in the absence of residual stresses, this case was
truel). If the compressive loads on the outside plies of the wall were greater than those
on the inside plies, as have been measured for the glass-polyester tubes, the apex of
the wedge could have been moved towards the inside of the tube. However this
situation was unlikely to have been observed as the position of the apex of the wedge
had to be between two plies of the glass cloth for the crack to propagate. For the
reasons discussed in section 8.4.1.2, the apex of the wedge was not always expected

to be at the centre of the tube wall, hence this effect was difficult to quantify.

One effect that might, to some degree have been quantified, was on the radial splits
that were present between the external fronds as they moved away from the crush
zone. The effect of the residual stresses will have been one of a preload in the hoop
direction. As the fronds were formed, mode I splits formed due to hoop tensile

stresses. The residual stresses, being compressive, tended to increase the force

LAn improbable assumption due to the tube wall curvature
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required to reach the failure stress by the preload amount. A similar effect will have
been encountered on the inside of the tube where the material moved into the tube. As
the desired circumference of the material on the inside of the tube was less than that
for the undeformed material, the material collapsed in the hoop direction by buckling.
Compressive residual stresses tended to reduce the amount of energy needed to
achieve this deformation. It was possible that the difference in the observed loads
carried by the internal and external fronds (section 7.1) might have been affected by
this difference in the effect of the residual strains, although it is not possible to be any

more specific.

These considerations imply that it might be possible to achieve an increase in the
energy absorption capability by designing the residual hoop stresses such that the
outside of the tube was in compression and the inside in tension. At present no
quantitative figures can be given for potential increases and it is probable that the
processing changes, such as resin type and post-cure, that will be required to achieve

this, will mask any residual stress effects.

What effect the residual stresses had on the crush load was uncertain. If it were
possible to model the stress system in the crush zone and to determine the effect on
the crush load of varying independently each individual stress, then it would be
possible to predict the effect of varying the residual stresses on the crush load. The
force analysis in section 7.1 indicated that the forces were closely interrelated such
that independent modelling of the forces is potentially very difficult, if not impossible.
However, if the residual strains as measured are taken to be about 10% of the failure
strain of the material, as measured in the three-point-bend tests in section 4.6, then the

effect of the residual strains must be limited by this value. Thus it must be concluded
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that the maximum magnitude of the effect of residual strains on the specific crush

stress must be limited to +10%.

All the polyester resin matrix tubes tested were post-cured at 80°C. It is known that
the residual stresses in this material increase with increasing post-cure temperature
[125-127] so that it might be possible to investigate the effect of varying the residual
stresses on the crush load. However increasing the post-cure temperature can alter the
chemical cross-linking of the matrix, meaning that the effect of the residual stresses
cannot be investigated in isolation of other effects. Some polyester resin matrix tubes
were treated in a way intended to increase the magnitude of the residual stresses as
described in section 3.4.3.3. This treatment was known to increase the residual
stresses in unbalanced laminates using this resin [125-127]. When crush tested, these
tubes showed no appreciable difference in crush load between the 80 °C post cure and
the 120 °C post cure. However, when they were slit and their residual stresses
measured, there was found to be no measurable difference between the values

obtained. Thus this work must be deemed to have been inconclusive.

8.5.1 Low Temperature Strains

No attempt was made to measure the residual strains at temperatures below room
temperature due to inherent experimental difficulties. However, as these strains were
generated by differential thermal contraction during cooling from the post cure
temperature, cooling the tubes to low temperatures should have generated further
strains. The RJIPW and RJPR tubes were post cured at 80 °C. Assuming that this was
the minimum stress-free temperature, the strains as measured were generated by
cooling through 58 °C as the ambient temperature when the strains were measured

was 22 °C. If the thermal contraction behaviour was linear with temperature the
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strains could be extrapolated to the minimum temperature that was tested for these
tubes, namely -40 °C. If the maximum layer strain that was measured at 22 °C was
0.23% {figure 5.10}, then extrapolation to -40 °C would give a predicted maximum
layer strain of about 0.48%. No measurement was made of the failure strain of this
material at this temperature so it is not possible to state the maximum magnitude of

the effect of these strains on the specific crush stress at -40 °C.

Length Effects

Figures 4.65 to 4.67 show that the length of the tube had no measurable effect on the
degree of serration of the crush load response for three different crush modes. This
situation was not entirely predictable from the current understanding of the nature of
the serrations (section 2.1.3.5.5). The nature of the crush zone was known to be
independent of the tube length so that, if the serrations had been due to the breaking
off of pieces of material with the load being subsequently relieved, the strain relieved
by the break off of a piece of material of a set size would have decreased with
increasing tube length. Thus the degree of serration would have been expected to have

been proportional to the reciprocal of the tube length, i.e.:

AF o~ (8.20)

This was not confirmed by experiment. Fairfull [51] went some way to explaining this
apparent anomaly by relating the stiffness of the system to the stiffness of the tube and
of the crush zone. This explanation however would still require the degree of serration
of the crush zone to be length dependent to some extent. One possible explanation is
that the serrations were due to stick-slip friction at various positions in the crush zone

(section 2.1.5.4). However, this might be expected to give a speed sensitivity of the
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degree of serration but none has been observed. That the serrations might be due to
stick-slip crack propagation in the matrix is extremely improbable as shown from the
behaviour of tubes tested at various temperatures. The degree of serration decreased
with increasing temperature, this being contrary to the trends observed for stick-slip
crack propagation in epoxy resins (see section 2.2.1.1.2) [67,75-78], where cracks
tended to propagate smoothly at low temperatures and by stick-slip at higher

temperatures.

Figures 4.65 to 4.67 show a large degree of scatter in the results obtained for AF/F.
This scatter can be explained partially by the method of measuring AF. This was
simply done by eye and as such, tended to be a measure of the maximum degree of
serration in the crush trace rather than a measure of the mean level of serration. If the
relevant equipment was available, a more meaningful measure of AF might be found
by digitising the crush trace and obtaining a root-mean-square value on a computer. It
might be possible to do this by sending the load signal direct from the load cell to a
computer and then processing the signal. This approach to data collection would
enable a more accurate measurement of the mean crush load with a possible error

analysis, and should be considered for future work.
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9 Conclusions

Various conclusions have been reached in this work regarding the detail features of

the crush behaviour under conditions of varying speed and temperature. This section

summarises the main conclusions reached.

The specific crush stress of a composite tube when subjected to axial crushing

is dependent on the testing speed and the temperature.

The temperature and speed dependencies of the specific crush stress are

governed by the matrix material.

Epoxy resin matrix tubes show an increase in specific crush stress with

increasing speed.

Polyester resin matrix tubes tested under conditions of high speed impact give
lower values of specific crush stress than when crushed at a constant, slow

speed.

The specific crush stress of both epoxy and polyester resin matrix tubes

decreases with increasing temperature over the temperature range -100 °C to

110 °C.

The speed dependency of the specific crush stress is a function of the

temperature for all the tubes investigated.

Although the speed and temperature dependencies of the specific crush stress
of any particular type of tube can, within certain restrictions, be interrelated by
the use of the Arrhenius equation, activation energies have been shown to vary
with temperature meaning that the equation only describes that tube at that

temperature and speed.
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Temperature rises in the crush zone during crushing are strongly dependent on
the crush speed at slow speeds but are independent of speed at the higher

speeds that were encountered in this project.

Inertia of debris in the crush zone is insignificant in affecting the specific

crush stress at the speeds encountered.

Residual stresses can have a small but significant effect on the specific crush

stress that is temperature but not speed dependent.

At high temperatures the crush mode of the tube can become one of unstable

buckling collapse with a consequently low value of specific crush stress.

The transition temperature from progressive crushing to buckling is speed

dependent, showing a linear increase with increasing log. crush speed.

This transition temperature is also dependent on the tube dimensions and on
the fibre architecture, woven cloth reinforcement favouring higher transition

temperatures that random continuous filament mat reinforcement.

The appearance of the crush zone is dependent on the temperature with low
temperatures favouring mainly fracture and high temperatures favouring
deformation. These observations also apply to speed as high speeds favour

fracture with slow speeds favouring deformation.

The forces in the crush zone are dependent on the roughness of the crush

platen and are strongly interrelated.

Length has no measurable effect on the degree of serration of the crush trace.
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When performing a test with an instantaneous speed change, providing the
crush load is measured after reaching equilibrium for the new speed the values
of crush load measured are independent of whether the speed change is from

fast to slow or vice versa.

The mechanisms of energy absorption are a complex combination of fracture,

deformation and friction.

Constant speed crushing is not a true simulation of impact testing.

The high temperature buckling mode can be replaced by an interpenetration

mode in thin walled tubes.

Shear deformation is an important aspect of the tube crushing in determining

the speed and temperature sensitivity of the specific crush stress.

The speed sensitivity of the specific crush stress generally increases with

increasing temperature.

The frond-wedge-frond and fragmentation crush modes are both effective in
absorbing large amounts of energy but the buckling and interpenetration

modes are not.
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10 Future Work

The literature review in section 2.1 has shown that much of the work on the behaviour
of composite tubes during crushing has been carried out, most of the main variables

having been examined in some depth.

The main question posed by this project that remains unresolved is why do polyester
matrix tubes give lower values of specific crush stress at high speed when most of the
mechanical properties of polyesters improve with increasing strain rate. This work has
suggested that the reason might be connected with frictional temperature rises and
resultant polymer decomposition but experimental evidence has been scarce. Some
work on the frictional behaviour of polyester resin matrix composites might prove

beneficial, as might some work on polyester degradation at elevated temperatures.

Other aspects of crushing behaviour that could be usefully looked at include:

Tensile or bend testing of the material of which the tubes are made over the same
range of speeds and temperatures. This might show some correlation of the features of
the speed sensitivity of the specific crush stress over a range of temperatures with
those of the strength, strain to failure and stiffness over the same temperature range.

Testing machine availability prevented this work being carried out in this project.

The effects of localised heating on buckling collapse, for instance the softening of one
side of the tube by heat. This could lead to instabilities at lower temperatures than
those at which the tubes have been observed to buckle in this investigation resulting

from off-axis loads!.

1Off-axis loading at room temperature is being studied by Mr. D.A.Williams.
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Mathematical modelling of the stress distribution in the crush zone. Finite Element
Modelling might be able to provide some insight into the mechanisms that are active
in the crush zone. The material variables must be defined before this can be carried
out, so a suggestion is made here that Tufnol tubes be considered as they form the
basis of the experimental work for the Cambridge group. An experimental
measurement of the hoop restraint contributions as mentioned in section 7.1.3 might

be beneficial.

Experimental verification of the hypotheses regarding the twin apex wedge in section
8.4.1.2. This will be difficult as the length of overlap (if any) will probably be very

short, hence difficult to observe.

Accurate measurement of serration of the crush traces leading to a conclusion as to
whether this is sensitive to the tube length. This investigation should involve
sophisticated instrumentation and computer treatment of the signal from the load cell

of the testing machine.

Full experimental verification of the findings of chapter 7 on friction. This might
involve the imbedding of thermocouples in tubes at various positions in order to
measure the temperature rise distribution. Infrared monitoring of the crush zone by
imbedding optical fibres in the material might provide some information and should

be considered for future work.

An in-depth investigation into why subsequent impacts for Tufnol tubes give lower
values of specific crush stress than the initial impact, in particular the effect of micro-

damage.
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Possible residual stress effects. Some attempt has been made in this work to measure
the effects of residual stresses but without success. These effects are difficult to
isolate from other effects from post curing, particularly the degree of matrix cross-
linking, but some insight might be possible by using as a matrix material a polyester

resin with a high thermal expansion coefficient to maximise the residual stresses.
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