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ABSTRACT
This thesis desdribes an investigation of stress wave
propagation in solids in order to study the behaviour of materials
under simulated impact conditions. The: dynamic stress-strain response
of‘carbon fibre composites has been investigated experimentally for
a compressive loading cf abgut 40us duration. The split Hopkip;on

=

pressure bar has been used for these measurementé, in which cylindrical
.

specimens are sandwiched between two steel rods and deformed under a
compresgive stress wave induced by impacting the free end of one rod
with a 0.22" bullet. An optical recording has been employed, in
which the displacement of a metal shutter atfached to each steel rod
has been monitored during the passage of the pulse. Results have been
obtained for several fibre volume fractions, two fibre lay-ups and
two fibre directions relative to the impact.

An empirical relation has been proposed for the dynamic behaviour
of a composite, to which;the resin and fibre contribute in different ways.
For the initial sma}l strain, the fibres sustain most of the lecad until
the relaxation effects ;f the viscoelastic resin appear, and the composite‘
undergoes a larger strain. Measurements at 150°C show that the stress
response becomés much more dependent on these viscous properties.

The pulse propggation speed and the.local stress-~strain during
the passage of a pulse in a long composite bar have also been measured,
and a simple viscoelastic medel is used to ihterpret this behaviour.
. Certain specimens have broken after a number of loadings, and the
fracture surface has been examined using a scanning electron microscope.

Observations of the bulk behavicur suggest that the fibre-matrix bond

is of particular importance in determining the composite respense.
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CHAPTER 1 INTRODUCTION




1.1 PRELIMINARY REMARKS

The feasibility of using fibre reinforced composites for
structural applications in preference to conventional metallic
materials has received considerable attention in the last few years.
It has been known for some time that the theoretical strength of
most materials is never reached in practice because of the presence
of microscopic defectswin the material in bulk form. These defects
may be dislocations which allow plastic flow or microscopic sharp
cracks which cause brittle failure. The highest stfengths have
been observed in "whisker" crystals, which have a very small diameter
and are grown in controlled conditions of structural and surface
perfection. Such whiskers are usually very susceptible to damage,
and have the additional disadvantages of high cost and short lengths.
The cheaper, continuous fibres which can be manufactured more
_ readily on a large scale have become the practical reinforcements
applied to engineering structures. The many advantages of fibre
reinforcement, consisting of fibres embedded in a matrix material,
compared with conventioéal isotropic materials are now of
significant value in engineering design. 1In pagticular, the
advantages of weight, ;trength and ease of fabrication appeal to the
designer. Whether whiskers are ever used as a reinforcement on a
large scale or not, they appear to set an upper strength limit for
the production of high performance materials.

In spite of the inferior bulk properties of these materials,
various reinforcing filaments have been proposed, such as boron,
carbon, silica and glass fibres, together with a variety of polymer
matrices of either the thermosetting or thermoplastic type.
Aluminium has alsé been used as a matrix material. ‘The two compon-

ents of a fibre reinforced composite - the fibres and the matrix -

each have an important function; the fibres are oriented in the



loadiné direction and hence carry the principal loads applied,
whereas the matrix bihds the fibres together to provide -
dimensional stability so that the load is distributed egually
amongst the fibres.

Carbon fibre - epoxy resin composites were initially
developed by Rells-Royce Litd. as the materizl for the low pressure
" compressor (the fan b;?de) of the RB211 aero—eﬂgine. This-component.
of the engine is vulnerable to impact damage caused by bird
ingestion, and at an early stage of development it became clear
that carbon fibre composites were not suitable for this application,
as empirical simulations of bird impact con a rﬁtating fan haé
shoyn that catastrophic damage occu;red. Consequently, it was of
.interest to Rolls-Royce Ltd. to examine the behaviour of carbon
fibre composites at high rates of loading, and to determine the
dynamic stress-strain characteristics of these materials.

It has been known for some time that many materials, when
deformed at high sf;ain rates, respond in an appreciably different
.manner frcm that observéd under conditions of static or quasi-~static
deformation. When a force is applied to a body under dynamic
conditions in which the inertia of the body cannot be ignored,
the behaviour must be considered in terms of stress waves. There
are several types of wave possible, and the three general types of
stress wave which can be propagated in a metal are elastic, plastic
and shock waves. The level of applied stress and the!stress—strain
- strain rate relation of a particular metal determine which waves
are present. Rubbers and plastics usually behave non-elastically
or with very pronounced time dependence, and viscoelastic waves
can propagate in fhese materials.

It is genérally accepted that the strain rate is an important

parameter for dynamic conditions, and this will be especially so for



the coﬁposite materials which contain fibres embédded in a polymeric
matrix. It is the purpose of this thesis to describe the =
experimental techniques involved in the propagation and measurement
of stress waves in carbon fibre composites and to indicate how a

} influences the mechanical

strain rate of the order of 500 s~

behaviour of these materials. ‘ o
Studies at high rates of loading have been useful in providing

information on dislocation mechanisms in crystals, on high speed

machining and metal rolling processes in engineering proéuction

and on the impact behaviour of structures. Hence accurate

experimental data relating stress, strain and strain-rate,

accompanied by an adequate theory, is$ required in many fields of

applied science.



1.2 COMPOSITE MATERIALS

1.2.1 Manufacture and general properties

The advantages of fibre reinforcement have already been
meptioned; the major attractions bheing the low density, greater
strength compared with metals and the ease of fabrication. The
mechanical properties under static conditions of fibre reinforced
‘ materials, particularly those involving carbon fibres, have been
well documented in several conference reports (e.g. American Society
of Metals 1964, Natiocnal Physical Laboratory, 1971) and by several
workers in the subject (Phillips 1967, Tsai, Haipin and Pagano 1967,
Kelly 1967 and Mallinder 1970). Many grades and types of fibre
reinforcement are now commercially available.

Carbon fibres have as their raw material an acrylic precursor
fibre, which is pyrolysed in an inert atmosphere, with or without
prior oxidative treatment. The precursor fibre is generally in the
form of poly-acrylonitrile chains, with other organic groups such
as methyl acrylate and itaconic acid occurring periodically along
the chain. Continuous lengths of fibre (diameter 5 - 7 um} can be
produced by extrusion from a spinneret. ControlledAtemperature and
pressure conditioﬁg produce a ring structure due to breszkdown of
the CEZN bond, énd at temperatures of 1 000°C to 1 500°C hydrogenation
of this ring gives an aromatic structure. Further fusion of adjacent
chains liberates nitrogen, leaving the planar graphite structure in
an coriented crystalline form {(Turner and Johnson, 1969). The
individual filaments are wound into a larger structure called a tow,
with a nominal size of 130 - 150 ﬁm. These tows are then hid together
in a laminate form, with an epoxy resin pre-impregnated onto the
fibre surface. The epoxy resin is basically a long chain structure,
with a molecular weight of about 3 000. A catalyfic crosslinking

agent is inbluded in the resin system. The curing cycle for forming



1amina£ed fibres into a composite material consists of three stages:
precure, curing under pressure, and postcure. Curing temperatures
are typically 150°C - 1B0°C and curing is chemically irreversible
due to the crosslinked structure which forms in the process, and

a moulded component will maintain its strength and stiffness at
operating temperatures below: about 140°C. The laminates can b%_cut
to size in order to fit a particular mould, so that machining after
the mouidinq process may be kept to a minimuﬁ. Thﬁs the fabrication
is relatively cheap and simple, once the fibres have been manufactured,
and this is one of the major advantages of using composite materials.
By choice of a suitable fibre with the necessary properties, and a
matrix compatible . with the fibres, the composite modulus and
strength may be varied much more readily than the case of metallic
alloys to suit design requirements.

| Figure 1.1 shows fibre laminates ("prepregs"} and figure 1.2

is an énd view of a moulded composite of fibre volume fraction about
60%, showing the distribution of carbon fibres in an epoxy resin
matrix. Some static mechanical properties of a carbon fibre composite
compared with othef engineering materials aye shown in table 1.

The fibre content\in the composite is about 60% by volume (a typical
value) and the composite modulus and strength are measured along the
fibre direction.

Assuming that when the composite is deformed in the fibre
direction both fibres and matrix suffer an equal stain and that both
obey Hooke's law to the ultimate strain of the fibres, then a
relaticenship can be formulated for the composite modulus Eg in which:

Ec = VB + (1 - Vg) Ey

where Vg = fibre volume fraction

fibre modulus

]

Eg

E, = matrix modulus
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TABLE 1 Properties of various materials
Density U.T.S. Modulus | Poisson’s
, 2
g/c.c _GN/m GN/mz ratio
Single fibre 1-8 2.4 180 -
HR4C resin 1.2 0-1 5 0-38
Carbon fibre .
’ composite 1-6 13 115 0-2-0-4
Glass fibre : ,
composite 2:0 1-1 - 43 0:25-0-.3
~ Stainless steel 7-8 1-1. 215 0-28.
Titanium ‘alloy | 4-5 1-0 124 0-32
Aluminium alloy 2.1 0-4 69 0-35
. Cvopper 8-9 0-3 130 0-34




Tﬁis relation is called the law of mixtures; and is found to
hold reasonably well over a range of Vg from 10% to 70%; the law of
mixtures is the basis for many calculations of static composite
behaviour.

The assumption of equal strain in fibres and matrix.is not valid
for the compésite transverse. properties. If the applied load is
angled at ® to the fibre direction, the composite modulus varies
sharély as a function of 6 . When 8 = 90°, the strength of the
composite is related much more closely to the matrix strength. 1In
fact the matrix strength is the upper limit to the composite transverse
strength, since the fibres will act as stress concentrators in the
matrix. In adition, the shear modulus and shear strength of
unidirectional composites are dominated by the matrix behaviour.

In a similar manner, the failure modes of a composite which is
loaded in tension will depend on the orientation of the load
relative to the fibres. The first mode of failure involves fibre
breakage, and is operat@ve over only a small range of angles. The
second mode is a shear failure of the matrix or fibre-matrix inter-
face up to about €& = 20°. At all larger angles, a tensile failure
of the matrix wili occur.‘ The composite modulus thus falls off very
rapidly with angle, as shown in figure 1.3.

By crossplying unidirectional laminates, composites can be
~built up to have good properties in two directions with the pénalty
of losing SOme.of the unidirectional stiffness. The properties
in the third direction are still governed by the relatively weak
fibre-matrix bond. Fibre alignment has to be carried out very
carefully, and a composite structure should be designed so that the
principal stresses are borne by the fibres. Off-axis and transverse
stresses, especially tensile stresses even of a subsidiary nature,

may well cause failure.
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1.2.2 Interfacial properties

The interface between fibre and matrix has a very impértaﬂt
part to play in the behaviour of the composite, particularly with
regard to the impact strength and crack propagation. Ceok and
Gordon (1964) have suggested that if a crack in a material approached
a weak interface, the interface would break in tension ahead of the
crack, due to the stress field in the vicinity of the crack tip.

A stress concentration at the tip could be up to 200 times the stress
normal to the tip. In a ductile isotropic material, this stress
concentration is dealt with by plastic fiow, which effectively blunts
the crack. For a crack propagating at right angles to the fibre-
matrix interface in a composite, a secondary crack would be produced
along the interface, and the original crack would run into the
interface and be substantially blunted. For this mechanism to

apply, the interfacial bond strength has to be less than 0.2 of the
cohesive strength of the matrix, otherwise the crack will propagate
comparatively unhindered through the material.

A process for improving the bond st;ength between fibre and
matrix has been developed in which the fibre surface is treated witb,
an oxidizing reagent. Bonding is thought to be improved by either
polar attraction to the resin material or some form of chemical
regction. Charpy notched impac£ tests have been carried out on
. treated and untreated specimens. These tests showed that the weakly
bonded untreated fibre specimens had absorbed a considerable amount
of energy, and showed a fibrous fracture surface, whereas the well
bonded treated fibre specimens showed a clean fracture surface (a
brittle failure) and absorbed only a small amount of energy during
fracture (Mallinder, 1970). A careful control of bonding is thus
needed to balance the requirements of good interlaminar shear

strength (i.e. bonding) and good fracture toughness.




A statistical approach to failure prediction has also been
used (Scop and Argon, 1969), since a bundle éf fibres can be
considered to have a statistical distribution of strengths. The
Weibull distribution is used to analyse the composite in terms of the
‘extreme strengths; this approach is also called the weakest link
theory. When bound in a matrix, the load shed by a broken fibre
.can be redistributed amongst its neighbours. Depending on the
shear strength of the interface, a region along a.broken fibre will
be ineffective in carrying a load, but at points some distance away
from the break, the fibre would be able to sustain some load.
Ultimately, as the load on the composite increases, the total
accumulation of ineffective lengths will cause the composite to fail.
The practical limit of fibre volume fraction is around 80%,
although the theoretical maximum for uniform cylinders packed
hexagonally is 91%. Design considerations in using composites need
to take accouné of all composite properties tc allow for the
anisotropy. The fibfe,qthe matrix and the fibre-matrix bond are
all known to have an important function in determining the mechanical
behaviour of a reinforced material. (ASTM Conf. 1969).

1.2.3 Impact behaviour

An introduction to the application of using carbon fibre
composites in the RB211 fan blade can be found in the paper by
Goatham (1970). Some of the problems concerned with characterising
the material are dealt with, and in particular the environmental
complication of bird impact. This problem is a major hazard to
aircraft operation, since potentially severe damage can occur to the
engine at the critical points of take off and landing when maximum
control of air speed is required. Calculations on simulated bird
impact conditions have shown that the kinetic energy at impact‘yill

be absorbed by the fan blade in torsion and bending. Before these



bulk séructural effects take place, however, the.material has to
undergo the_stress wave loading caused by the impact. The failure
modes and the nature of the damage caused by impact tests are
somewhat different from fractures produced under static conditions,
since complicated stress distributions may arise in the structure

due to interference of reflected stress waves. Information ;egﬁrding
stress wave phenomena .and dynamic.stress - strain characteristics

at high rates of loading for cérbon fibre composites will be of

importance to the development and application of the materials.



CHAPTER 2 REVIEW OF LITERATURE
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2.1 STRESS WAVES IN- SOLIDS

2.1.1 Theoretical background

The-earliest treatment & the propagation of elastic stress
waves in solids was developed nearly 100 years ago. A basic
assumption was that the material obeyed Hooke's law i.e. the stress
was directly proportional ta. strain, and elastic waves would bg]
present if the applied stress was below the elastic limit. The
velocity of propagation depends on the type of matérial. A fluid
is incompressible and cannot support shear stresses, and only one

:

type of wave is propagated at a velocity of (K/p)° where K is the bulk

modulus and p is the density. A solid can withstand shear stresses,

and two types of wave are propagated in an infinite solid.

}

where i 1is the

;

shear modulus, and dilatational waves travel at [(K.+ 4u/3)/pl°.

Distortional waves travel at a velocity of (u/p)

Distortional waves involve particle motion at right-angles to the
direction of propagation and are transverse waves, whereas dilatational
waves involve particle $otion parallel to the direction of p;oéagation
and are longitudinal waves. At stress levels greater than the
elastic limit, proéagation takes place at a velocity which may
approach or even exceed the elastic velocity. This is due to the
bulk modulus increasing with stress intensity, and it is possible for
shock stress waves to be set_up, in which larger stressgs propagate
faster than lower stresses,., The work of Love (1927) provides a full
description of wave phenomena, and there is a more recent review
by Kolsky (1953) .

When the solid is bounded by a surface, a third type of wave
called a Rayleigh surface wave may be present. These waves
propagate along the surface, and their amplitude decreases rapidly with
depth. Rayleigh waves are of importance in seismic records observed

some distance away from an earthguake.



Treatment of the boundary conditions for a éractical situation
coften involves a complex mathematical analysis. An exact éolu&ion

for an infinite cylindrical bgr was given independently by
Pochhammer (1876) and Chree (1889}).

The Pochhammer-Chree theory considefs longitudinal, flexural
and torsional vibrations, employing cylindrical polar coordinates
(r,0,2) to describe the equations of motion. The most usual
practical situation is that of longitudinal sinusoidal waves, and
the solution here involves Bessel functions of the zero and first
order. An impértant characteristic of the propagation is the
phenomenon of dispersion, in which the velocity of a particular
vibration depends on its freguency. The freguency dependence is
found by satisfyiﬁg the elasticity equations under the boundary
conditions of zero stress at the bar surface. This frequency
equation determines the phase velocity as a function of the parameter
(a/A) - radius/wavelength, and has multiple roots such that the
dispersion curve consists of an infinite number of branches corres-—
ponding to the fundamental and higher modes of Yibration;

For sne waves whose wavelength is large compared to the radius
of the cylinder, the velocity is that given by the elementary theory

!

i.e. (E/p) whére E is the Young's modulus. This velocity is the
upper limit for large wavelepgths in the first mode of vibration;
and it is found experimentally that only this fundamental mode is
normally excited in bar impact work. .

A better approximation is obtained when the bar radius is
included in the solution for the freguency equation: Dispersion is
then introduced as a result of the lateral motion of the cvlinder,
and the propagation has to be described in terms of a phase velocity

and a group velocity, involving the parameter (a/A). The limit of

both phase and group velocities for small wavelengths is the

1
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Rayleiéh surface wave velocity which depends only on material
constants. | )

The description of propagation in finite bars requires approximate
so;utions, since there will be reflections from the ends of the
cylinder. These ends are free from stress and hence“there will be
discontinuities introduced intc the Pochhammer—chree theory. 3

The treatment of pulse propagation is complicated by the
presence of the Fourier freguency components, and the methods based
on Fourier'techniques are necessary. (Davies, 1956a).

Using‘the.exact theory and the predicted dispersion curves for
infinite sine waves, Davies considered‘a plane longitudinal pulse
which pericdically repeated. This pulse can be analysed‘into a
Fourier series, and the velocity of propagation for each term of the
series can be found from the dispersion curves for phase velocity.
Another approach is to use Kelvin's method of stationary phase, in
which an infinitely thin pulse of infinitely large amplitude is
considered. This pulse is expressed as a Fourier integral analogous
to a superposition of sinuscidal stress waves covering a range of
wavelengths, in phase only at the origin. The stress distribution is
found frem the group velocity dispersion curves, and is a function
of transit timé along the bar.

As the pulse propagates aloﬁg the bar, the various waves become
out of phase, and destructive interference occurs, so that the main
effect is produced by a small group of waves whose phase velocities,
periods and wavelengths are nearly equal, and which are in the same
phase at a particular position and time.

By these methods Davies showed that a longitudinal pulse whose
original length w;s of the order of the bar radius would become

distorted on travelling down the bar, and the main pulse would be

followed by a high frequency series of oscillations.
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Iﬁ viscoelastic materials both the phase velocity and the
attenuation of sine waves increase with frequency, and consequently
when a pulse is propagated through such a solid it both broadens and
becomes asymmetrical in shape. Kolsky (1960) has considered pulse
prbpagation for a number of high molecular weight poiymers in terms
of the linear viscoelastic theory. In generazl, however, all rgﬁl
solids will behave in:§ome non-elastic manner. When the load
producing the stress wave is high enough so that the stress exceeds
the Hookean elastic limit, a plastic wave follows the initial elastic
wave, For stresses above the elastic limit there is a different
relation between stress and strain and on removal of the stress
hysteresis is observed. The velocity of plastic waves depends on the
stress-strain curve of the material; this velocity is generally lower
than the elastic velocity of small stresses in the medium, and the
éssential property of these waves is that the str%in profile develops
an elongated front as it passes through the medium.

Metals in the plastic state have a non-linear but time-independent
behaviour, whereas polymers and rubbers may have a linear but time-
dependent behaviou?, and are then known as linear viscoelastic solids.

Viscoelastic materials introduce a further complication into
the stress-stréin relation, whose form depends on the mNodel
representation of the material. A time dependence is now present
in the constitutive relation, and Laplace transform methods are
normally used to solve the equation of motion (Lee and Morrison, 1956).
The emphasis of present day work in wave propagation concerns the

problems of boundary conditions and dispersion effects, particularly

in viscoelastic bodies. (Hunter, 1959).



2.1.2 :Experimental Techniques

The first experiments concerning compressive wave propagation
were those conducted by Hopkinson (1914), The accurate measurement
of stresses which are subject to rapid time variations is a mapter
of some difficulty. Hopkinson's experiments éonsis;ed in applying
the unknown pressure, produe?d by either an explosion or somé
other rapid loading mgchanism, to one end of a.lqng cylindricaissteel
. ) A ,
bar. The bar was suspended as a ballistic pendulum, and at the far
end of the bar was attached a short pellet (the time-piece) of the
same diameter and material as the pressure bar. The joint between
the two was formed by wringing the shorter piece onto the ground
and lapped end face of the pressure bar.

On iﬁpact, a longitudinal pressure pulse travelled along the
pressure bar, passed unchanged through the joint, and on reaching the
free end of the time-piece was reflected as a pulse of tension and
travelled back towards the joint. At some stage the net stress at
the joint became tensile, so that the time-piece was detached from
the pressure bar. The £ime—piece flew off from the pressure bar,
trapping a éergain.amount of momentum, corresponding to é portion
of the pulse which was twice the length of the time-piece. The
velocity of the time—piéce was measured by means of a ballistic
pendulum. Using time-pieces of different lengths, it was possible to
partially reconstruct the préssure-v-time profile of the initial
impact, caused by the detonation of various explosiveg.

This method was subject to certain limitations (Davies, 1956b),
since it was not possible to determine the exact relation between
pressure and time; there were also doubts about the distortion and

uniformity of the'pulse, and the joint was thought to introduce an

unknown variation.

14



Modern experiments, while using the same principle, employ more
sophisticatéd electronic measuring technigques. Davies (1548)
devised a pressure bar in which a continuous record was produced
of the longitudinal displacement at the free end of the bar.
The‘displacement was measured by using the bar as the earthed
conductor of a parallel-plate condenser. The isclated conductor
consisted of a metal plate held in a frame attached close to the
free end. When the pressure pulse reached the frée end of the bar,
the small movement of the earthed side of the condenser caused a
change in thé capacity of the condenser, and this change was
measured on a CRO as a changing potential difference; a photographic
record was then taken of the signal. Displacement-v-time records
were obtained in this way, and they demonstrated the existence of
the so-~called Pochhammer-Chree oscillations at the end of the
pulse, and showed the effects of dispersion in increasing the pulse
length., Davies also used cylindrical condensers, in which an
isolated metal tube-was_held with its axis parallel to the axis of
the bar. Measurements of the radial and longitudinal displacements
of the bar surface were possible, although these units were only
useful for measurements with long pulses.

More recent techniques'involve resistance strain gauges mounted
on the surface of the pressure bar, so that direct measurements
of the strain-time profile may be obtained. Since the pressure bar
remains elastic, the relationships for longitudinal elastic stress
waves can be used to reconsgtruct the applied stress loading.

A major use of the Hopkinson pressure bar has been in the
dynamic testing of materials. The general principle of the method

is to have the specimens in the form of thin discs which are placed

between the flat end faces of two cylindrical steel bars (Kolsky, 1949).

A transient stress pulse is initiated at one end of the incident

15



pressure bar, and the pulse propagates along the incidenf bar,
through the specimen and into the tranémitter pressure bar.

The experiment conéists of measuring the dynamic stress-strain
characteristic of the specimén méterial. A more detailed description
of the experimental arrangement is given in Chapter 3. Extensions

and further applications of‘golsuy's'o:iginal technique have been
* N
A

given by: Krafft, Su;liyan and Tipper (1954) énd Campbell and

_ “
Duby (1958} for the yield behaviour of mild steel; Davies and
Bunter (1963) for various annealed metals and polymeric materials;
Chiddister and Malvern (1963} for aluminjum at elevated temperatures;
Lindholm (1964) for three annealed face centefed cubic metals;
Hauser, Simmons and Dorn (1961) for high purity aluminium at
temperatures below ambient, and Tennyson, Ewert and Niranjan(1972)
for the dynamic viscoelastic response of bone. Various modifications
of the technique for tensile testing have been described by
Lindholm and Yeakley (1968), for torsion testing by Campbell and
Dowling (1970} and for tests on rocks under confining pressure by
Christensen, Swénson ané Brown (1972). Experimental data are
usually analysed by using simplifying assumptions, in particﬁlar
that the dynamié effects are averaged over the length and cross-
sectibn of the specimen. If the specimen length is short enough,
the effects of longitudinal inertia may be reduced, and the averaging
assumption becomes more acceétable. However, a non-uniform
distribution of ﬁhe stress and strain in the specimen.would also
result.frcm frictional effects at the boundaries or inertial
effects due to radial accelerations.

Davies and Hunter included axial, radial and tangential

corrections in their work, and established a criterion for specimen

size for all isotropic materials:
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h = V3Ja
h = specimen length ’
a = specimen radius
v = specimen Poisson's ratio

‘ The requirements for establishing this criterion were short
specimens compared to the pulse length so as to eusure a unifo;p
stress in the specimen, and long specimens compared.to the bar
radius to reduce the friction effects at the speciﬁen/bar interface.
These restrictions are not independent, since a long pulse depends
partly on baf dispersion and a smoother pulse is associated with a
larger bar diameter. The compromise produced a length/radius ratio
of about 1. 'Shorﬁ specimens and large strains are generally
required so that the uniaxial stress theory can be used to obtain a
;elationship between the principal stress and principal strain
‘ present in the specimen.

In Kolsky's work, the specimen geometry was a length/radius
ratio of 0.1, and his r?sults for a given strain level in copper
_gave a dynamic stress which was twice the corresponding static value.
Kolsky made several inertial corrections, but Davies and Hunter
criticised his results due to the frictional effects arising in
his specimens,.which would mask the true dynamic behaviour.

There is an abundance of measuring technigques now available
for use with the Hopkinson bar. In nearly all cases, however, the
stress-strain curves of the materials being studied are determined
indirectly, i.e. the épecimen stress and strain are inferred from
the measurement of some other guantity. The most usual technique is
that of strain gauges, positioned on the incident and transmitter
bars (figure 2.1) in such a way as to record separatgly the incident
strain wave €y, the transmitted strain wave Ep and the strain wave

reflected from the specimen intc the incident bar €Re
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The one dimensional wave theory shows that the specimen

stress 0, and strain egare given by

qét) -2 %?-if eg (t") at'

where Ej, = elastic modulus of pressure bars 3
Cp = elas?ic wave speed in pressure bars
£ = specimen length

There is an upper limit to strain rate which can be usefully
_employed in the Hopkinson baf. Shorter specimens give higher
‘average strain rates for a particular incident loading, but the range
is restricted by the elastic.limit and the practical lengths of the
pressure bars. The maximum strain rates used are in the region
1l co0 - 2 000 s'l, and at much higher strain rates, the averaging
assumption becomes very critical.

The Hopkinson bar experiment is essentially a plane stress
condition, in that the boundaries of the bar produce a non-uniform
strain distribution along the bar. An -alternative technique is the
plate impact experiment for measuring material properties in which
én exact state of plane strain can be achieved (Karnes, 1967).

The measurements are unaffected by specimen gecmetry, and very high
strain rates can be used. Some disadvantages are that high
precision measurements of indirect guantities are required, and
only limited times are available for observation. Transforms from
one-dimensional stress to one-dimensional strain can be carried out
to compare techniques.

Ensminger and Fyfe (1966) have used an exploding wire technique
to produce a high‘amplifude stress wave incident on the inner

surface of a hollow cylindrical specimen. This technique requires

the measurement of the outer surface displacement and the stress
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'incideﬁt on the inner surface in’order to producé a stress-strain
relationship. ’

Measurements of the propagation speed of ultrasonic pulses have
been made to determine material properties (Mason, 1958). The pulses
are’of a few microseconds duration, and the oscillations of which the
pulses are composed can havé;frequencies as high as 100 MHz. The
dispersive, attenuative and aniso;ropic properfies of a material can
be measured. |

" Hillier (1949) has used low freqguency longitudinal waves in

filaments to measure the dynamic elastic behaviour of rubber-like

materials and high polymers.

2.1.3 Strain Rate effects

From a fundamental viewpcint a difference between static (or
'quasi-static') and dynamic material behaviour is to be expected,
since static loading is essentially an isotheﬂnu]précess whereas
dynamic loading is.adiabatic.

There has been.considerable volume of work reported in the
literature on strain rate effects in mechanical behaviour, and
only those major aspects of the subject are dealt with in this
review. Cristescu (}967) deals with many aspects of the theory of
dynamic deformétion in plastic bodies; Rakhmatulin and Dem' Yanou
(1966) in their bock consider material behaviour under transient
stress loading. These two books provide a useful survey of the
theoretical aspects of stress wave propagation and strain rate effects
from an analytical viewpoint. The techniques»of sclid mechanics have
been used axtensively in the development of this subject. For
example, the method of characteristics is required in the solution
of guasi-linear partial differential equations of the second oxder;

this problem arises in the propagation of waves in non-linear elastic

and plastic behaviour; the constitutive relations become very



compliéated, and it is necessary to use operational calculus and
Laplace transform methods to provide solutions for the probagafion
of waves in these media.

However, physically acceptable explanations for material
behaviour éf this type are not always satisfactory. -

From a molecular viewpoint {i.e. microscopic level) the time
scales associated with, the changés in strain at a stress wave front
are comparable with the time scalgs of vibrational molecular processes.
Hence under conditions of changing ;train rate, it is to be expected
" that there will be changes in these procésses._-At an elastic
wavefront, elastic strain levels are reached wvery quickly, and the
strain rate could be so high that plastic flow processes cannot
operate in the times available, whereas at a plastic wavefront, the
strain rate could be low enough to allow further plastic flow.

' . -1 ,
Microscopic strain rates may be as high as 1012 s for elastic

waves, and 106 s_l for plastic waves, and these figures would indicate
why there is such a-widg range of behaviour in metals at differing
strain rates and stress levels. Hopkins (1963) has produced an
excellent review of mechanical behaviour of metals with reference to
these rate effects.

Evidence for the existencé of strain rate effects in mild steel
is quite conclusive (Campbell ana Duby,.l956). The yield and post-
vield stresses are increased by a factor of two or three at rates of
about 1 00O s'l. Mild steel shows a complex behaviour which is very
sensitive to strain rate; this sensitivity appears as soon as there
is any departure from quasistatic rates of about 10_4 s—l. The
evidence for strain rate effects in other metals such as copper and
aluminium which have no definite yield point has not been so

conclusive. This may be due to the low sensitivity of the behaviour

over a wide range of strain rate. A problem then arises over



interpfet ing experimental data at high rates when the interpretation
cannot be done without a realistic theéry of elastic-plastic wévg
propagation. Such a theory would require assumﬁtions concerning the
as yet unknown mechanical behaviour of the material. This problem
has been the limiting factor in all analyses of stress wave
propagation in solids. x _ i)

Much detailed work has been carried out using the Hopkinson bar,
and the general conclusion is that most materials behave in some
strain rate dependent manner which can be expréssed in either a power
- law form or a légarithmic form; Chiddister and Malvern‘(1963) for
annealed aluminium proposed:

¢ = og e OR o = gp + k lpgeé

The theoretical development of longitudinal plastic wave
propagétion in bars was due to Taylor (1946) and von Karman and
buwez (1950). This work was an elaboration of the elementary
Pochhammer-Chree theory from infinitesimal elastic strains to a
finite plastic strain. It is important to note the limiting
assumptions of the theory, namely that the theory neglects entirely
any lateral inertia effects and strain rate sensitivity, aﬁd applies
only to concave stress-strain curves. Thus the static stress-strain
relation 0 = £(e) is used. The velocity of propagation of a given

strain level depends on the slope of the stress-strain curve at that
Bf/ae)é
-—Er—— .

The existence of elastic and plastic waves is shown, with those

.

strain i.e. Cleg) =

higher stresses which cause plastic flow being propagated more

slowly than the lower elastic stresses. The theory predicts a
plateau of permanent strain extending progressively outwards from the
impact end. Later experimental observations showed, however, that
there were discrepancies between measured and predicted strain

distributions, and these variations were explained as a strain rate
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sensitivity in the annealed copper wires used in the experiment.
(von Karman and Duwez, 1950).

Malvern (1951) proposed a wave propagation theory based on a
more general constitutive equation:

Eé = 6 + g (0,8).
where g is an arbitrary function expressing the strain rate sensitivity.
Taking o = £(g) to be the static ?elation, Malvern used a simple
form for g, such that the plastic strain rate ép'depended on the
"dynamic overgtress" defined as (o-f), where o is the dynamic
sfress and f is the static stress at the same strain;
b é? = exp [(0-£)/a] - 1

where a, b are material parameters. -On this basis, Malvern developed
a strain rate dependent solution, using numerical integration with
the equations of motion. One result.was the prediction that small
incremental strains superimposed on a plastic strain were propagated
at the elastic wave speed, but there was no prediction of a
permanent strain plateau near the impact end. However, Rippe;ger and
Watson (1968) have produced a computer analysis of the propagation
of an intense stress wave along a bar, using a finite difference
technique to solve the equations of motion with the constitutive
equations expressing various forms of strain rate dependence.
Their conclusions ;ere that the constitutive form did influence the
wavefront éhape, but measurements of shapes or wave speeds were not
reliable as indicators of the form of the stress-strain relation,
since the same shape was often formed by various combinations of
input conditions. Furthermore they showed that there was a constant
strain region near the impact end, which would indicate that the

strain plateau is not a unique feature of a strain rate independent

relation.
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Aiter and Curtis (1956} produced a step loading in a lead bar
by impacting one end with a long steel bar. They found that pulse
dispersion occurred which could be predicted from a simple strain
rate dependent model similar to Malvern's theory, in preference
to a prediction of behaviour from any non-linearity in a time~
independent stress-strain relation. 3

Kolsky and Douch -(1962) have obtained d&ynamic stress-strain
curves for annealed metals py firing short specimeﬁ bars at a steel
pressure bar. These curves were‘used to obtain predictions about
the Taylor-von Karﬁan theory, and a reasocnable fit was obtained for
the permanent strain and the velocity. The theoretical predictions
of strain distribution were less satisfactory, and this could indicate
that the Malvern modification was reguired. Although Kolsky and
Douch found a difference between static and dynamic curves, there
was little difference between different dJdynamic loadings.

Sternglass and Stuart (1953) investigated the effects of
incremental impact loads superimposed on a static load in copper
strips, aﬁd showed that the incremental plastic strain propagated
at the elastic wavé velocity. i

A major contribution to free flight impact experimentation has
been the work of Bell, which is reviewed comprehensiwvely in Bell (1968).
The main feature of Beil's experiments is the impact of two well-
aligned identical bars producing a constant velocity boundary
condition. The accurate measurement of surface strain is carried
out by means of a diffraction grating ruled directly onto the
specimen surface {Bell, 1956). The gauge is usually 0.001" long,
with about 30,000 lines/inch. The change in diffraction angle due
to thg deformatio; of the gauge is measured photoelectrically; and

hence the surface strain on the specimen bar can be calculated.

Bell claims that this is an accurate measurement which eliminates any
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ambiguities in other measuring techniques, and does not reguire any
advance knowledge of fhe constitutive ?elation. The time of
propagation of the strain pulse between gauge positions is measured,
and hence the velocity-strain profile, Cp(e), can be calculated.

The propagation velocities are found to be constant for each strain

A

increment, which is a predicticn of the Taylor-von Karman theory.
)

The specimen stress og is then calculated as a function of strain
Al

, , . do/3c 1
using the plastic wave speed equation: Cp(e) = 0—1;—0
£ £
s rpo,d :
i.e. og = Io(agr) ac’ = I o [Cp(e’}12 ae’

Bell's experiments have thus shown strain rate independent
stresé—strain relations for many crystalline solids, and he
summarizes his results in a generalized parabolic stress-strain
m®lation (Bell, 1966), which applies to the non linear plastic
deformation in metals:

o .= Be
where B is a temperature dependent, strain'rate independent material
parameter. | i

Bell critieises thé conventional Hopkinson bar experiment with
short specimens because of the assumption of uniaxial conditions
which do not include reflection and wave interaction effects, within
the elastically—boqnded specimen. Conn (1965) made a more detailed
analysis of the data published by Hauser, S$immons and Dorn {1961) and
showed that their data could be interpreted by a strain rate
independent theory. The basis for the analysis was a particular form
of the (0,e) curve for aluminium, and the naturé of the disagreement
in interpretation was thought to be caused by the average stress and
strain assumption in the specimen.

Conn used thé one-dimensional wave propagation theory of
Taylor, and inéiuded the effects of wave reflections and interactions

due to boundaries and interfaces with different materials. The
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Lagrangian diagram was used to plot (x,t) charactéristics for the
stress in the specimen and at the strain gauge recording pésitions.
Conn's analytical o(t) curves were very similar to the experimental
curves, 5ut the strain-time curves had very little agreement. The
main conclusion reached was that the experimental techhique and the
subsequent analysis by Hauser et al masked the effects of non-uniform
strain in the specimen,

A further point is that dynamic stress-strain curves may not be
a measure of mate;ial properties in the same sense as the static
curves, siﬁce the dynamic stress cycle undergone by the specimen
is determined by .the nature of tﬁe experimental method. The
conditions of the experiment are uniquely defined for the particular
experiment arrangement, and cannot be predetermined as in static
experiments,

Bell (1966) showed that thg average strain in a Hopkinson bar
specimen using the conventional analysis was twice the actual strain
measured by a diffractiqg grating, and in a further experiment with

- glue and ﬁg glue at the specimen interface showed that the average
st;rain was not altered, although the actual strain was changed.
He then concluded that the wave reflection and end face effects in
short specimens invalidated the analysis used to determine stress
and strain.

Another factor, which is hard to assess in longitudinal plastic
wave propagation, is the three-dimensional nature of the displacement
due to the radial motion caused by Poisson coupling. This radial
motion introduces lateral inertia effects as well as transverse shear,
and these are not accounted for in the one-dimensional analysis.

De Vault (1965) estimated the effect of lateral inertia on the
propagation of plaﬁtic strain along a bar, and showed that errors in

the simple theory could explain the discrepancy between strain rate effects.
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There ddes appear to be the'requirement, emphasized by Conn,
of being able to distinguish between the mechanical effecté of the
test and the intrinsic material properties which are to be measured.
In any stress wave propagation experiment three features are
important: firstly an experimental arrangeﬁent which ﬁill provide
direct and meaningful measurements; secondly measuring techniques
which will give unambigquous data and‘lastly correct interpretation.
of these measurements in terms of the experiment. |

Dillon (1967) reported an investigation of wave effects in long
cylindricai specimens. The main purpose of this w0rk.was concerned
with the-effects-of having sections of the bar made of different
materials, sﬁch as annealed (soft) aluminium and hard aluminium.

The properties of these dynamic elastic-plastic interfaces indicated
that wave reflection phenomena agreed with predictions from the strain
rate independent theory. However, other work on aluminium by

Karnes and Ripperger (1566) using direct impact experiments with
quartz crystal and strain gauge recording techniques, produced results
which leé them to ;upport the strain rate dependent theory.

Jahsman (1971) has compared the method of chéracterisgics for
determining material behaviour with the conventional Kolsky analysis
in the Hopkinson pressure bar. This exercise was a check on the
features of the experiment such as the specimen geometry criterion
and the uniform stress and strain assumptions. Reconstituted stress-
strain curves using the one-dimensicnal theory were found to be in
reasonable agreement with the original curves used. These findings
would tend to vindicate the Hopkinson bar from several of the
crivticisms of the.technique, since a fundamental criterion for

validity is self-consistency.



Tﬁe work  of Duffy, Campbell and Hawley (1971) on torsional
wave propagation in a'Hopkinson bar arrangemen£ showed that the
shapes of the shear strain profiles in various metals could be
predicted by a strain rate dependent theory. In torsion, the
complicated three-dimensional effects are eliminated, and a pure
shear wave is established. The torsion bar thus eliﬁinates any
problems due to radial\inertia and frictional effects at the
specimen interfaces.
It is apparent that most experiments indicate that Malvern's
strain rate dependent theory is in agreement with certain results,
"although this theory may not be realistic for. three-dimensional
complications such as lateral inertia and shear. Some form of
physical theory is required to analyse results of plastic wave
propagation in terms of strain rate effects. Hauéer, Simmons and .
Dorn (1961) have emphasized this point, and they indicated that the
Malvern theory does not account for crystal structure in determining
strain rate effects. A description of strain rate dependence can
- be obtained using disloéation theory, inveolving a thermally activated
mechanism for the movement of dislocations (Lindholm and Yeakley,
1965). A constitutive equation has been formulated in this way
to describe the étrgss—strain~rate—temperature dependence for several.
single crystal and polycrystalline materials. Body centered cubic
metals appear to be very rate sensitive, even at low rates, whereas
face centred cubic metals are only slightly rate sensitive even at
the ext¥emes of loading rates. The explanation for these observations
was that the strain rate effects depend on the dislocation movement
in the metal, since b.c.c. crystals have more dislocation locking
mechanisms and fe&er slip mocdes and hence more obstruction to
dislocation movément than f.;.c. crystals. Macroscopic creep, quasi-

static stress-strain and impact tests can be interpreted with a
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strain rate rélation based on a microscopic dislocation theory.
Further work indicated that the addition of impurities in aluminium
crystals led to a reduction in rate sensitivity.

In summary, the assumed one dimensional stress situation of
the pressure bar test is really quite complex, since the

interpfetation of experimenEgl data requires a wave propagation

}
!

theory, the validity of which is inevitably linked to the physical

~ .
limitations of the theory and the material properties under
consideration. The results of Bell's experiments, for instance, have
indicated that fhere are many difficulties associéted with producing
sétisfactory exp}anations for all the phenomena of dynamic behaviour.
In particular, Bell has criticisgd the short specimen experiment
because the non-linear plastic deformation is often ignored in the
calculations for average stress and strain in the specimen.‘ (see

also Huffington, 1965).



2.2 FIBRE COMPOSITES

2.2.1 Theoretical stress wave behaviour

The fundamental analysis of the mechanical response of a

composite material may inveolve analytical investigations using two
‘methods of approach. These are treatments on a micromeéhaniqal and
macromechanical level. 1In the former, the two component.natureaof
the composite is recogqised, and the analysis involves the study of
a hetereogeneous material consisting of fibres embedded in a matrix.
Various assumptions are ;equired for continuity conditions, such as
a perfect interfacial bond, and the effect of a fibre on a
propagating discontinuity such as a stress wave can be estimated from
some mathematical analysis.

Ting and Lee (1969) have analysed the propagation of a plane
pressure pulse through a linear elasfic composite medium. Wave
theory similar to geometrical optics was used to predict the
influence of the fihres on the shapeof the wévefront, due to
refleqtion aﬁd refraction effects, considering the fibres to be
cylindricél inclusions in a uniform matrix material. It was shown
that for the case of elastic waves, the stress aﬁplitude at the
initial wavefront was given by geometrical optics-type laws associated
with‘the motion of dilatational waves.

Constitutive equations for the composite as a bulk form may be
obtained using the macroscopic stress and strain components, and
including geometrical factors in the material description. Thus a
laminate structure may be treated as beigg homogeneous but anisotropic
on a macromechanical level, and the governing equations may be
found from the characteristics of the individual laminates.

Achenbach and Her?mann {1968) proposed a set of displacement eguations
of ﬁotion, derived by using represéntative élastic moduli for the

matrix and elastic and geometric properties of the reinforcing



elements, combined into " effective stiffnesses". In a further
paper, (Sun, Achenbach and Herrmann, 1968) they considered-a
continuum theory fér a representative laminated medium. In deriving
displacement equations for laminate motion, any interaction of the
fibie—matrix interface was allowed only through displacement of the
.fibre and matrix lavers - co?sidered as alternate layers of

. ) e
reinforcing and reinfo;ced material. Dynamic interactions due to

\

the applied stress wave were included using ceontinuity relations.
By means of a smoothing operation, averaging over all the fibres,
particular };inetic and strain energy dengities were obtained, and
application of Hamilton's principle gave six displacement equations
- of motion., This set of equations was used to study the propagation
of plane harmonic waves parallel to and normal to the fibre direction.
Dispersion curves were calculated, and these indicated the extent to
which a fibre or layered composite would influence stress wave
propagation by means of geometfical dispersion. A layered composite
was represented as a kind of waveguide system, although non-perfect
interface'propergies woﬁid have to be considered in a real composite.
An inadequacy of this continuum theéry was the prediction that
térsional waves could propagate in the fibre layer, without any
interaction with the surrounding matrix. This resul§ arose from
the restricted continuity conditions imposed on the fibre-matrix
interaction.

Peck and Gurtman (1969) also considered a pulse 19ading which
was propagated parallel to the interfaces of a laminated composite.
The theory of wave propagation in roas was used as a general
mathematical guide, and the problem was taken to be two-dimensicnal.
Fourier transforms were required to express a set of ordinary

differential eqﬁations in terms of the propagation of infinite

sinusoidal wave trains. The result was that for waves generated by
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a unifarm stress loading on a plane perpendiculaf to the laminates,
the peak disturbance at long times after impact was given‘by a'
simple expression called the "head of the pulse" approximation.
This approximation depended on the low fregquency behaviocur of the
. firsg sinuscidal wave mode; which was analogous to the bar velocity
(E;/;-))i in rods: A characterxistic dispersion time could be 3
defined for the composﬁte structure; this time was shown to depend
algebraically on the material properties and layer spacing, and
also on the propagation distance. The use of this characteristic
dispersion'time simplified\ the determination of parametric
variations in‘the digpersivity of the composite; Some representativye
dispersion curves were presented for boron-epoxy and glass-epoxy
1aminates; and these-showed a significant dispersion in phase
velocity above 5 MHz for the boron and 75 MHz for the glass fibre
reinforcement;

The head of the pulse approximation was also used by Voelker

and Achenbach (1969) in their paper, which considered stress wave

propagation in a laminated medium, with the forces being applied
normal to the layering. A marked dispersive behaviour was predicted
using the continuum theories for a laminated medium:

Chou and Wang (1970) have studied the propagation of an
.elastic disturbance in a composite material using the mathematical
device of a control volume to surround the wavefront. Several
authors have used this device to describe shock wave propagation
in laminated and composite materials; which require the additional
complication of boundary conditions between laminates or between
fibres and matrix; Torvik (1970) calculated the pressure, density
and particle velo;ities behind a plane ,shock: and considered the
coméosite to be either alternate layers of.two dissimilar materials,

or parallel fibres embedded in a matrix. In developing the description
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of shdck propagation, steady one—éimensional flow along the
layering or fibres wés assumed. Congervation of mass showed that
the effect of area change was significant, since a small area
change was equivalent to a density change of the same order; and
density changes corresponded to large pressure changes, One
feature was that modified fQrms of the Hugoniot jump conditioni
were required, so as EP account for the transverse strains in each
component; Calculated values of the Hugoniot shock parameters were
~given for a hypothetical aluminium/polymethyl - methracrylate
composite: and it was shown that shock gpeeds in the composite
which were lower than the sonic velocity of one of the constituents
- were possible: This treatment was applicable only to the .
hydrodynamic portion d a deformation. A real composite material
would also have an elastic response: which may be important since
elastic waves may travel almost as fast as the shock waves, due to
the hetereogeneous nature of the material. In the complex multi-
dimensionallflow field around a bird impact, the condition that
the material behind the.steadywhock.was free to acquire any particle
velocity necessary for the shock to exist would not be valid. For
this situaticn, the particle velcocities are dependent on the
specific properties of the impact loading. o

Further theoretical work by L.M. Barker (1971) on shock
propagation perpendicular to the planes of the laminates in a
composite structure also indicated geometrical dispersion. These
dispersive effects were described by a simple viscoelastic model,
and the theory predicted stress wave shapes and the attenuation of
short stress pulses.

Other shock éropagation problems have been investigated by
‘Tsou and Chou tl969 and 1970). These authors considered a shock

travelling along the fibres in a unidirectional fibre composite,
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using a control volume which surrounded the shock front.
Conservation of mass; momentum and energy were applied to the
material before and'after the control volume: and a set of equations
describing the material behaviour were produced. The local
discbntinuity at the shock wave front was thus ignored. For a steady
éhock, the speed must be the same in both fibre and matriQ; siﬁce

(M
there could be no pressure change across the interface. The ©
Presence of the interfagial bonding produced shear forces which
‘tended to impede the progréss of the wavefront in the fibre and push
forward the wavefront in the matrix. Thus there was a varying shock
velocity across each layer to ensure continuity.of the shock wave-
‘front. Calculations were presented for shock velocity; particle
velocity and shock pressure in a beryilium fibre-polyethylene matrix
coﬁposite,togethef with results for the interface shear and heat
transfer across the fibre-matrix interface,

All these mathematical models have been used with some success
in ‘analysing éomposite behavicur., Depending on the model,
Predictions are possible for the effectsrof the boundary conditions,
interfacial compatibility, intrinsic material properties and dynamic
characteristics in stress wave propagation,

The most used characterisation of fibre compositgs is that of
transverse isotropy.- This is the simplest form of elastic symmetry
which would apply to unidirectionally aligned composites of
continuous fibres. Such a medium has five independent elastic
properties; and is circularly ;ymmetrical about the normal tﬁ the
basal plane i.e: the fibre axis: If there is no symmetry about this
plane; a lower order of symmetry would be required; such as a
tetragonal system of six elastic constants which is not isotropic in

the basal plane. The next simplest systém would be the orthorhombic

System with nine elastic constants, and this has been used to describe
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the elastic constants of wood,

The five elastic constants of transverse isotropy can be
thought of as two "Young's moduli" for loading along and across
the fibre direction; and three "Poisson's ratios" describing the
coupling between mutually perpendicular displacements when loéds
ére applied in vaious directi?ns: Theoretical predictions and
eXperimental observatiqns of stress waves in fibre composites wiil.

. A . ..
involve consideration of these elastic material constants, together
with possible extrapolation to viscous behaviour;

Knaus 61968) has considered one-dimensional wave propagation
in a viscoelastic material, which was intended to simulate the
features of the matrix material of a composite, and the viscoelastic
nature of the material was characterised by a complex; frequency
dependent modulus:

Macroscopic viscoelastic prope;ties of a fibre reinforced
material were considered by Hashin (1966). Here the fibres were
assumed to be'elastic; and the matrix linearly viscoelastic: but
the anélysis was limitedlfo an extent in that some of the’
ﬁalculations were exp?essed in temms §f a spring-dashpot viscous
model; which is not necessarily realistic: Analytical expressions
for effective relaxation and creep functions were given: on the
basis of the composite cylinder assemblage model which had been

proposed by Hashin and Rosen (1964) as an idealized representation

of a random array of parallel fibres embedded in a matrix.
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2.2.2 Experimental investigations in composites

Published work én experiments concerning the dynamic °
properties of fibre reinforced composites appears to be rather
limited. Back and Campbell (1957) were the first to use the
Hopkinson pressure bar to investigate the properties of a ma;erial
consisting of a phenol formgldehyde resin reinforced with asbg;tos
fibres ("durestos"). ,3 dropped weight impact device was used,
together with strain gauges mounted on the transmitter pressure
bar: A calibrating shot with no specimen present had to be carried
out each time in order to measure the incident strain pulse.

The one-~dimensional wave theory was used to calculate the specimen
.stress and stain: Corrections were_made to the original strain
records to allow for the finite specimen length and the finite

length of the strain gauges: The derived stress-strain curves

la& much above those obtained at slow loading rates, the stress and
st;ain at fracture being doubled in the dynamic tests. The resin
‘appeared to.fracﬁur? in a brittle manner under the high loading rates
of this eﬁperiment; indicating that the material had become much
harder. The failure mode observed was that of fibre-matrix inter-
face failure: and the results indicated that the increase in strength
of the composite was due to a change in resin properties rather

than a change in fibre propertiégi

Tardiff and Marquis (1963) used a similar dropped weight”
assembly to determine the dynamic properties of a range of plastics,
including composites made from steel wool and glass-fibre wool
reinforced araldite resins. This type of reinforcement caused an
increase in the elastic modulus and the strength of the resin, and
in the specimens Qith glass fibre wool; a high degree of brittleness
was induced in.fhe composite. The reduction in ductility of the

aradite resin when reinforced was such that the fracture strength
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decreased with higher strain rates, Tardiff and Marquis suggested
that deformation mgchgnisms in plastics could originate frém the
uncoiling of long chain molecules and other flow processes caused
by the presence of these molecules; and that at the high rates of
strain present in dynamic tests the response times of these yarious
flow mechanisms were e%ceedeg. An increase in the elastic response
would then occur:. .

Sierakowski; Nevill, Ross and Jones (1970) investigated the
Properties of a steel wire reinforced epo#y resin composite:
Several parametric variations were employed: such as wire diameter,
volume fraction of wire reinforcement and strain rate;. Dynamic
loads were applied in a Hopkinson bar experiment and quasi-static
loads in a hydraulic testing machine. It was seen that higher
strength and modulus properties were obtainea with smaller wire
diameters for a particular volume fraction, and that increasing
the volume fréction also led to higher strength values, Up to
1Q0% increase in ma;eriallstrgngth was obtained in dynamic tests
at a strain rate of abogt 1 000 s} compared with quasi-static tests
at strain rates of about 10% s™!. The stress increase for a given
strain in a dynamié test on smaller wire diameters was thought to
be due to the greater surface bonding area between fibre and matrix,

In further tests on glass-fibre reinforced resins a similar
stress-strain behaviour was reported, together with brittle failure
modes. Aluminiuﬁ—nickel alloy composites in which the reinforcement
is grown in situ by difectional solidification were also tested.

A whisker or plate-like reinforcement is produced by this process,
depending on the par£icular substructure present in the alloy

system. Dynamic stress-strain curves for these composies again

showed considerable increases in strength over quasi-static behaviour.
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Billington and Brissenden (1971a) used glass-fibre reinforced
plastics with various forms of matrix material and fabrication.

The Hopkinson bar apparatus which they employed incorporated a gas
driven projectile for the impact loading, and by varying the
velocity of impact; the amplitude of the incident stress pulse could
- be varied over a wide range: Using strain gauges on the preésure
bars, the stress-strain beh;;iour showed that all the curves -
compounded together oggr the initial portion for all values of
impgct velocity, and hence for all the strain rates used. The main
conclusion was that the material behaviour was strain rate
independent and that the form of the stress-strain curve consisted
of two distinct regions. An empirical functional representation of
these two regions indicated a logarithmic relation between stress
and strain up to a critical strain value, and then a straight line
relation for lafger values of strain. The transition from one
region to-the other was identified with the phenomenon of thixotropy
-és seen in various forms of non-Newtonian flow. This could arise
from the coiling ané uncoiling of the long chain molecular structure
of the plastic matrix; in some time dependent manner;

In other work on polymers: such as perspex; polycarbonate etc.:
(Billington and Brissenden, 1971b) and on annealed forms of
polycrystalline cﬁpper, zinc and aluminium (Billington and Tate; 1972)
this two region representation has been extended to include a
description of isotropic material behaviour. The main feature was
the strain rate independence over the range of strain ;ates used.
However; there was a difference between the dynamic behaviour in the
impact experiment tlasting about 120 hs) and the quasi-static
behaviour whereas the annealed metals underwent permanent strain,
although for both types of material the loading portion of the dynamic

cycle could be described by similar non linear stress-strain relations,



Various moduli and other material constants were identified with
certain parts of tbe aynamic characteristic response. In particular,
the Young's modulus was used in the dynamic description even though
-the analysis covered the transition from elastic to plastic

Yesponse for the metallic specimens.

Damage was seen to appear in composite specimens at stresses
and strains significangly greater than those in pure matrix
Specimens; Load bearing under these high strain rates was thus
increased by reinforcement. Billington's work is a significant
advance in the knowledge of the dynamic properties of composites and
metals. However, no satisfactory physical explanation has been
proposed to account for the response of fibre composites at high
rates of loading.

Other work on composites has involved the plate impact or
Plane strain experiment. Whittier and Peck (1969) used composites
manufactured from alternate layers of high and low modulus
material in a phenolic résin. The reinforcement consisted of high
modulus graphite fibres.and boron fibres. A flat plate of this
material was subjected to a uniform step pressure induced by a
_ gaseous shock wave and the resulting backface velocity-time
signal was recorded by a capacitance gauge. The central portion
of the specimen behaved as if laterally unbounded, and the effects
of geometric dispersion due to éhe material properties were evident
in the records: Comparison with theoretical predictions calculated
by Peck and Gurtman.(1969) showed that the "head of £he pulse"
approximation was valid for long times after impact: This experimental
technique suppressed the micromechanical detail and gave

representative data of the average response over a finite gauge

area.
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Réed and Munsen (1972) reported similar expériments with
Phenolic coated/quartz cloth laminated plates using direct impact
of a plate of the same material: The experimental results showed
appreciable dispersion of the step loading together with a large
stress attenuation. These results compared favourably with
calculations of plane strain: conditions based on a rate -
dependent model using .a Maxwell gepresgntation of the viscous
behaviour. However, the two material features of the viscoelastic
nature of the phenolic matrix and the geometric dispersion due to
the fibrous layered structure could not be separated.

Markham (1973) has developed an ultrasonic method of
determining the elastic constants of materials in which the
- propagation speed of ultrasonic pulses of.about 5 MHz is measured.
In unidirectional composites with carbon and silica fibres, the
five elastic constants of transverse isotropy can be found by
‘orienting the fibre direction in the specimen at various angles
to the direction of the pulses: Transverse (shear) waves and
longitudinal waves were initiated in the specimen under certain
conditions; with the specimen and ultrasonic prAbes immersed in a

bath of water. Wave refraction theory similar to Snell's law in

optics was used to calculate wave speeds from which the appropriate

elastic constant could be found using the general relation:

) .

ov = .Cij
where v = wave speed in a particular direction gnd mode
Cijy = the equivalent elastic constant
p = .density of composite

These ultrasonic experiments have not given any indication of
the viscoelastic nature of a composite. Tauchert and Moon (1970}
.described a method of measuring the damping coefficient of a

composite beam when subjected to low frequency vibrations up to a
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maximuﬁ of 10 KHz. Glass fibre-epoxy and boron fibre-epoxy
composites were used in this study. The damping was found from the
bandwidth of the fesonance curve at each mode of resonance, with
calculations based on the elastic beam theory. A linear
Viscoelastic approach was then used to represent the material
behaviocur, and a phase velcg}ty and attenﬁation cosfficient were

~

defined as functions 9? frequency. A stress pulse propagating
along a bar of the material would then undergo dispersion and
attenuation. Kolsky (1960) had developed Fourier integral
expressions for the propagation of a pulse in bars of polymeric
material: and this approach for composite bars‘was very similar;
Experimental observations of .pulse propagation were then compared
with the predictions of the theory for the fibre reinforced
composites, and it was shown that the materials behaved in a linear
viscoelastic manner.

Schuster and Reed (1969) have investigated the dynamic
fracture of boron f%bre reinforced aluminium composiﬁes by means of
plate impact experimenté. The shock wave loading caused spall
type fracture and filament damage in the composites;'at different
impact velocity levels depending on the bonding fabrication process
of the fibre reinforcement; the peak stress amplitude was reduced
by gecmetric dispersion of the loading pulse. 1In a later paper
{Reed and Schuster, 1970); they showed that the impact velocity
necessafy to produce a subétantialnreduction in tensi%e strength in

the composite was much higher than that required in an unreinforced

aluminium alloy.
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2,3 CONCIUSIONS FROM THE REVIEW-

The shortcoﬁipgs.of the usual methods employed to obtain
dynamic stress-strain data are recognised; and the difficulties
inherent in the Hopkinson pressure bar can be reconciled using
appropriate limiting assumptions; The roles of strain rate and
.viscoelasticity in material pehaviour are not fully understood,g
particularly in the caﬁe of composite materials. Various
mathematical complexities may be a limiting factor on theoretical
studies of this nature. In spite of many years work in the subject,
there are few definitive experimental results wﬁich can be linked
with a satisfactory physical interpretation. Thelfeatures of
dynamic tests on composites, such as the increased strength and
‘fracture behaviour compared with quasi-static tests, make this work
of great interest to both engineering design studies and to studies
of the macroscopic physics of fibre reinforced materials.

The Hopkinson pressure bar is considered to be the best
available technique for measuring dynamic properties of materials;
the behaviour of carboanibre composites at high rates of loading
can then be determined using the assumptions of average stress and

strain in the specimen.



CHAPTER 3 THE HOPKINSON PRESSURE BAR




3.1 . GENERAL DESCRIPTION OF APPARATUS -

"

The two main features of the Hopkinson pressure bar are the

loading mechanism and the method of recording the dynamic response
of a specimen materialL The basis of the recording technique used
here was to measure the particle displacement of the endfaces of
the specimen in the split bar arrangement during the time it was
subjected to a §tress,?ulse. Thus the method &iffered from the
more usual strain gauge recording technique (fig. 2;i) and some
of the difficulties of analysing_the strain pulses in the pressure
bars; as outlined by Bell, can be eliminated, although other
difficulties arise in this method. With a short specimen, the
stress and strain are considered uniform over the length, and
lateral inertia can be_ignored; provided that the Davies and Hunter
.‘eriterion is obeyed;. All specimens had a nominal diameter of 0.5"
.(12:7 mm)} and lengths of 0;5“ and 0;25" were used:
- The general arrangement of the apparatus is shown in fig. 3.1;
- The impact is produced by firing a standard 0.22" bullet at the
- free ené of a steel inpét'transducer bar; causing a stress pulse
of peak amplitude about 2 K bar (2 x 10%® N/m2) and of duration
.35-40 ﬁs to prﬁgagate along the bar: The specimen is sandwiched
.between the input gransducer bar and the output transducer bar,
each face.of the specimgn being in intimate contact with the faces
. of the steel bars:' When the pulse reaches the specimen; the
specimen undergoes the dynamic loading; part of the incident
compressive pulse be;ng reflected into the input bar as a pulse
of tension: while the remainder of the incident pulse passes into
the output bar as a transmitted compression; Many reflections occur
within the specimén at this time; and it is assumed that these

average out over the specimen length to provide a uniform one-dimensional

state of strain along the length.






Duriﬁg the transmission through the pressufe bars, the pulse
may suffer considerabie dispersion, governed by the geometric and
elastic properties of the bar. The bar material was stainle;s steel,
whiqh has a tensile strength of about 109 N/'m2 and can be expected
to remain elastic during the propagation of pulses of the amplitude

used. In a pulse duration of 4018 , the dominant frequency is 25_kiiz,

-

which corresponds to a wavelength of about 200 mm (taking the

}

WaVGSPeed in the steel to be (E/p) @ 5 km/s). Hence in a bar of
diameter 12,7 mm, the ratio (a/A)‘is only of the order of 0.06 and
the dispersive character of these long wavelengths can be ignored.
Higher frequency components in the pulse may ﬁndergo a larger
dispersion, but these effects will produce only a small contribution
to the overall pulse shape. The étress pulse on arrival at the
specimen can be considered to be plane longitudinal, since Davies
{1948) showed that aé distances eight times the bar diameter from
the impacted end, the pulse becomes uniform over the cross-sgction
of the bar.
To investigate the na;ure of the impact loading, photographs were
taken of the bullet impacting an anvil placed at the end of the
input pressure-bar, using an "Imacon" image converting camera. This
device produces a series of images of a high speed event on a
phosphorescent screen, and a polaroid camera is used to photograph these
images. The area around the anvil was illuminated by an ordinary
commercial flash gun, which produced a uniform field of illumination
for a period of 2-3 ms. The flash gun was triggered to fire by the
bullet bursting through a piece of paper rigidly held in its path
separating two strips of aluminium foil, the bullet shorting these
strips together. fhe Imacon was itself triggered so as to start the

recording sweep by a phbtocell which detected the flash output.

The general arrangement is shown in figure 3.2.
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The Imacon was provided with the facility of producing between
8 and 16 separate images on its viewing screen; the writing speed
was 10° frames/sec, which corresponded to 8 us between each exposure
and a 2 ys exposure tim;. Ten frames were found to be adequate to
~give a good coverage of the impact event, which was rea&il& observed
in the time of 100 ﬁs. Three polaroid prints obtained by photographing

N . -

the viewing screen with this set up are shown in figure 3.3. Tﬁ;
sequence of reading th; series of frames should be noted. Records
were taken of the standard bullets (Eley "long rifle") on impact, and
also high velocity bullet impact; both of which were used in dynamic
experiments. The quoted muzzle velocities of these two bullets are
335 m/s and 419 m/s, and both bullets are 11.7 mm in length.
Estimates of the bullet velocity from the high speed photographs
indicated that these velocities were approximately correct, although
an accurate determination was not possible by these measurements.

A simple caleulation shqws that the force F produced by the

bullet on striking the impact area, assuming all the bullet

momentum to be used up, is:

_f_n.‘Lz_ 2
F = L = pveaA
where m = mass P = density )
} of the
v = impact velocity A = area )
}  bullet.
L = Length | .

hence F ~ 3.7 x 103 N for the standard bullet, This force corresponds
to a pressure in the steel transducer bar of about 2.9 x 108 N/m2, and
the pressure produced by the high velocity bullet is about 1.5 times
that with the standard bullet.

From the photographs it is seen that the momentum of the bullet
is effectively destroyed during the impact. Some of its kinetic energy

is dissipated in disintegrating the bullet so that the pressure

pulse which passes into the bar is not as large as that calculated
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above, and measurements have shown that the peak amplitude is about

2.2 x 108 N/m*. It is thought that the bullet melts on impact,

although the lead debrig is in a molten state for only a very short

time before being ejected in a solid angle of almost 27 radians.

This debris is then surrounded by the atmospheric pressure wave

surface assocciated with the bullet and makes no contribution to $he

W

propagation of the elastic disturbance in the bar. The duration
. . N
of the stress pulse in the steel bar is dictated by the time during
which the bullet is in contact with the face of the anvil, which
in turn depends on the length and velocity of the bullet on impact.
A pulse duration of about 40 us is'produced b& the standard bullet,
The alignment of the rifle and bullet trajectory with the axis
of the pressure bar is quite critical, since an off-axis impact
could induce torsional and flexural waves in the bar. These waves
méy then interfere with the recording of the purely longitudinal wave
required. To aséist alignment, a directing cone was positioned
between the rifle anq the anvil so that any deviation ﬁrom a purely
axial impact was kept to.a miniﬁum. The bars were supported on roller
bearings with only a small frictional drag, and alignment could also
be carried out Ey adjustment of the horizontal level of the bars at
these supportsI
Replaceable anvils were used in order to protect the endface

of the input steel bar from damage at impact. Normally an anvil

required replacement after 8 or 10 shots.
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3.2 Recording technique

Experimental measurements were made of the displacemenf-v-ﬁime
profile of each end of the short specimen, This motion was
determined by following photoelectrically the movement of a small
metal shutter attached to each of the pressure bars, and positioned
immediately adjacent to the specimen/bar interface. 5

A rectangular beam,of light of uniform intensity is focussed

onto each shutter, and the shutter moves across this focal plane
due to the passage of the stress pulse. The uninterrupted light
falls onto the cathode of a photomultiplier. Thus the motion of
the shutter changes the intensity of the.light received in the
photomultiplier by covering or uncovering part of the beam, and hence
there %s a ghange in the potential developed across the photo-
multibiier loaé resistor, The outpuﬁ signal from the photomultiplier
is first amplified and then displayed on a Tektronix 555 oscilloscope.
This photoelectric method of determining dynamic material behaviour
was first'suggested for ?he Hopkinson bar experiment by Wright and
Lyon (1957). Earlier work by Manjoine and Nadai (1940) also
incorporated an optical displacement measuring technique using an
'. elastic force bar in high speed tension tests at elevated temperatures.
The general arrangement of the recording system is showp in
ﬁigufe 3.4 and theotical system arrangement is shown in figure 3.5.
The light source is a tungsten filament car headlamp, 12V D.C.,
contained in a spherical plane glass_bulb. Lens A (figure 3.5) -
produces a circular image of uniform intensity in a plane containing
. two rectangular apertures whose size is adjustable. These apertures
act as sources for lenses B, which produce the required rectangular
images of the two apertures in the plane_of the bar axis. The metal
shut£ers are located in this plane and the positions of lenses B are

adjusted to produce focussed images on the shutters,
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Leﬂs C then focusses the uninterrupted part of each beam onto
the photomultiplier cathode. The prism beam splitter simply allows
a convenient physical a;rangement of the photomultiplier tubes.

" To avoid errors resulting from any variation of sensitivity on the
cathode surface, the images formed at the cathode are those of the

tungsten filament. As the shEtters move across their associated

™\
i

rectangular beams, only the intensity of the filément image on the
. N ]
cathode changes, and a constant area of illumination is preserved.
Wright and Lyon showed that the transient voltages, as recorded
by the photomultipliers, were proportional to the particle displacements
at each end of the specimen, This displacemeﬁt pulse shape is defined
by the Rayleigh equation and can be expressed analytically in terms
of the Airy function.
It was necessary to accurately calibrate the voltage displacement
of the oscilloscope trace as a function of the shutter movement
after each shot to ensure accuracy in the subsequent calculations of
stress and strain. ?his was done by chopping the light beam
.mechanically by means of-a castellated disc driven by a small electric
motor to produce a square wave voltage signal (sée figure 3.6{(a)},
and then the shﬁtters were moved through the beam, with the change
in amplitude of the square wave signal being measured on the
oscilloscope. The chopping frequency was about 100 Hz and the shutter
movement was measured using a fixed dial gauge in spring-loaded
pressure contact with the other end of the bar. ‘
A movement of only 0.010" to 0.0154 was normally required to
~cover the range of the beam involved in an experimental recofding,
and over this range the calibration was accurately linear. A signal
sensitivity of betﬁeen 50 and 100 um/Volt was obtained with the

appératus, although this wvalue could vary considerably if the image

was not on the most sensitive part of the cathode surface or if the
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optics Qere disturbed in any way. Signals of maximum amplitude
2 - 4 volts were usually obtained during a shot. )

Photographs of the transient signals received from the
rhotomultipliers on the oscilléscope screen were taken using a
polaroid camera with a high speed film for subsequent analysis.
A typical shutter displacement record is shown in figure 3.,6(b) for
the duration of the inigial loading, together with a longer time-base
record in figure 3.6(c).

The sensitivity of the photomultiplier arrangement depended on
the operating voltage. It can be shown that the signal/noise ratio S
can be expressed in terms of certain electricél parémeters:

Ta

S'\,_

V.W ' )

where Ja = anode current
Vv = voltage/stage
W = bandwidth of circuitry

S can be increased by decreasing W or decreasing V while keeping
Ia constant., To decrease W would adversely affect the transient
response of the system, ;nd Ia cannot_be increased because of the
need fdr linearity and stability in the tube ratiﬁg. Hence V ﬁust be
decreased to improve S, and the photomultipliers were run unsaturated
at low applied voltage levels. The range 600 -~ 700 V D.C. was used,
compared with the usual operating maximum of 1,100 v D.C, A constant
voltage linear supply transformer with harmonic filtering of the
mains A.C; voltage was used to provide the photomultiplier D.C. level,
and a powerful light source also improved the signal content by.
_increasing the initial photocurrent. The noise content of the recorded

signals was thus reduced to negligqble proportions for most

photographs taken.
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Triégering of the oscilloscope was achieved by the bursting
foil method. As the bullet passed a position on the directing cone
a trigger pulse was produced by the shorting of the foil, which.
. Tektroniw oscilloscope
.completed'a simple circuit. Thetrigger pulse was fed into the[SSS,rwhich
contained a variable delay facility. This variable delay was set so
that a single sweep of cne tige-base could be fired a given time_gfter
the initiating pu;se haq been fed into the other time-base, This
delay, which was typically 400 us duration, was necéssary to allow
the bullet to travel from the foi} trigger position to the anvil, and
for the stress pulse to commence its propagation in the input bar.
During the sweep of about 100 ﬁs duration, prdvided by the second
oscilloscope time~base, the two transient signals of the particle

displacement as the pulse passed through the specimen were recorded

on polaroid film,
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3.3 Te;ts on Shutter reliability

Preliminary experiments were carried out to demonstraté thé

validity of the éhutter-disPIacement measuring tec hnigue,

. Davies (1948) investigated the theory of pulse propagation
down cylindrical bars and showed under what conditions the distortions
become too severe for the Hopkinson pressure bar to be used i,
satisfactorily. In particular, Davies showed that the error in
using thé‘one—dimensional stress wave propagation theory for
calculation of the stress in the bar from the particle velocity at
that cross-section was largest for those pﬁlses with a short rise
time compared with themlse duration. The bullet pulse used in
these experiments had a rise time of about 15 ﬁs and a duration of
40-50 ﬁs, so that the application of the éimple propagation theory was
assumed to be valid,

In order to check that the shufter accurately followed the motion
of the c¢ross-section of the input pressure bar, two beams were set up
as shown in figure 3.7, so that simultaneous signals could be recorded
Afrom the shutter crossi ng one light beam and the end of the bar
crossing the other beam,

Withthe upper light beam positioned at the base of the shutter,
close to the top of the bar, both records started at the same time
and had the same period and similar shapes. Other records with the
upper beam shifted to a pdsition higher up the shutter showed a delay
between the start of the two signals. This delay was as much as
G:pIS., and corresponded to the time required for a plate or edge wave to
propagate in the steel shutter. The velocity of this wave was of the
order of 1 mm/ﬁs for a beam centred 6 mm up the shutter from the top
surface of the bar. Allowing for this delay, comparisons of the

displacement records showed no difference between the shutter record
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and the endface record. Intermediate positions of the shutter beam
showed a correspondingly smaller delay between the start of- the
records,

A further test was to use a iight beam on each shﬁtter, (with
no specimen) the barse<rung together, and positioned so that a
record of each shutter displigement could be obtained (figure.3.8}.

With the bars accurate;y aligned and the endfacés polished to a

. ~ )

wringing finish, there was no apparent delay or difference in shapes
of the two records, as shown.in figure 3.6(4).

From these experiments it wa; concluded that the joint was
not producing any measurable delay or change in displacement signal,
and that the two shutters were accurately following the motion of
the cross-section of the bar, provided that the shutter light beam
was positioned close to the bottom of the shutter.

The shutters and bars were made of stainless steel, and the
shuttefs were normally brazed into position in a narrow slit on the
bar surface; A rigid joint was thus obtained and no indication
of a léosening of this jéint was ever noticed., A thin layer of
lubricating oil was always placed on.the endfaces of the bars in
order to ensure'a friction free interface between the specimen and

the pressure bars.
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3.4 Other'recordiggjtechniqggs

Strain gauges and quartz crystal gauges have been used
extensively in pulse propagation measurements, and so these two
techniques were also employed to determine their usefulness and to
demonstrate certain featuresd the experiment.

Etched foil strain gauges were positioned on the surface of the
input pressure bgr in sych a way ;s to record sepérately the
incidentnand reflectéd strain pulses (figure 2.1). Two gauges were
used, placed in series on opposite sides of the bar in order to
cancel out any bending strains, A constant current supply to the
: gauges was required to ensure'that the voltagé change measured on
the oscilloscope was proportional to chapge in gauge resistance due
to the strain: A typical record is shown in figure 3.9(a) in which
the incident compressive pulse is recorded first, closely followed
by'the reflected tensile pulse. Random electrical noise variations
‘are present, together with certain large fluctuations in the signal,
particularly after the initial rise. These fluctuations are thought
to occur due to the dynamic viscoelastic nature of the straingauge
cemen! used to bond the gauges to the bar. This cement may yield
and flow non-uniformly during passage of the pulse; and hence
adversely affect the transmission of strain to the gauge.

Analysis of the strain gauge records g, €7 and €R requires
certain assumptions of equilibrium of loading conditions in the
specimen and the use of time translations of the records to allow
for propagation in the steel bars. The calculation of specimen stress
~and strain then proceeds using the equations given in section 2.1.2.
Difficulties may arise in the analysis, particularly with noisy signals,
and in view of Belifs objections to this measuring technique it was

. decided not to use strain gauges on the steel bars for measurements

of dynamic specimen behaviour.
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Thé noise content in figure 3.9(a) on a signal of 4-85Wobtained
fqr a strain of 0.1% in the steel bar can be compared with the noise
in figure 3.6(b) for a signal of 2V from the shutter displacement
record.

Figure 3.9(g) shows the strain signals from the gauge placed
on each of the steel pressurq_bars, with a specimen sandwiched ip

W

between the bars. The gauges were positioned 15 cm away from the
. 'l .

specimen 'so that the gauge on the front bar would record the
refigcted strain signal at the same time as the back gauge was
recording the transmitted strain signal. It can be seen that the
signals are very noisy, and it is difficult to identify the relected
strain pulse. The bullet pulse in the steel bars produced a very.
small strain, so that the etched foil gauges provided a small signal
on the oscilloscope. |

Figures 3.9(e} and (f) show the particle displacement signals
from shutters placed on the pressure bars 15 c¢cm away from the specimen.
The front shutter produces a record of the incident and reflected
particle di5placements; ;hile the back shutter produces a recordl
of the transmitted particle displacement: This arrangement was set
up initially to‘provide a measure of the stress pulse for the
circumstances in which the specimen was enclosed in a furnace during
elevated temperature experiments., However ; it was found that the
shutter displacement signal amplitudes were rather too small for
accurate measurement; in addition; since a sweep time of 20 us/cm was
required to fit all the signals in one sweep, the errors associated
'with identifying start times and propagation times were quite large,

so this measuring technique was not used for any stress-strain

determinations.
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As'an alternative measuring technique, thin aiscs of
pPiezoelectric quaftz crystal were used to measure the stress af a
particular cross-section in the bar arrangement.

These crystals produce a charge output when a pressure is
applied across them; this charge was collected by a small capacitor
of 0.0fmf, which transmitted.a voltage to the oscilloscope. A direct
relationship exists between the vo}tage across the capacitor and the
pressureﬂin the 0.5" diameter bar, such that a pressure of about
2 x 108 N/m? produces a voltage signal of about 4V. In this
arrangement there were no problems of signal/noise ratio as the noise
content was very small in compariscon with 4V.l

The time constant or RC value of the recording circuit was
chosen to be considerably longer than the required recording time for
the signal. With a 1 MQ input impedance to the oscilloscope, the RC
value was 15 ms, much longer than the 100 ﬁs recording time.

The crystals were X-cut quartz, in the form of thin discs, 0.5"
diameter, and either .l mm or 0.5 mm thick., When the discs were

-attached to the pressure bars, a good electrical contéct was'requiréd
and silver loaded araldite which had the necessary conductance
properties was used to bond the discs to the bars,

A comparison waé made between the stress response of the quartz
crystal and the record produced by the shutter and optical system, on
a bar with a crystal and shutter both positioned at the end of the
bar (figure 3:9(b)): From the crystal record it was'possible to
identify radial oscillations in the bar, and these appear superimposed

.on the longitudinal stress pulse, Similar behaviour was reported by
Karnes and Ripperger (1966) in their quartz crystal records., When
both sides of the £hin crystal disc were rigidly held, then the radial

oscillations were not so apparent (figure 3.9(c) and (d)). These

records show the incident compressive pulse measured at a position



12.5 cm:from the free end of an input bar; The start of the reflected
tensile pulse reached the crystal as the tail of the incident
compressive pulse-had just passed the crystal; and the tensile pulse
caused the-cement bond to break since the tensile strength of the cement
was much less than the reflected tensile loading. Thus there was no
record of the reflected pulse, and this bond failure prevented the use
_ !
of crystals in positioq? similar to strain gauges in figure 2.1.
Howéver,'it was possible to use the crystals at the interfaces
between the specimen and the pressure bars, such that oné side of the
crystal was bonded to the steel bar; and the side next to the specimen
was free. The two crystals recorded the stress at the interface, and
figure 3.10(a) shows a photograph of these stress signals and the
signals from two shutters placed immediately adjacent to the crystals
on the pressure bars. This particular shot with a 0.25" long copper
séebimen; toge?her with the shot in figure.3:9(b) of a free bar with no
specimen, showed an important feature of the shutter displacement
records compared witb the crystal stress records;
"The crystal at the gackface of the specimen is seen to respond

almostinstantaneouéy'after the response of the frontface crystal.

A short time Laé is present due to the propagation time across the
specimen; which is only 1-2 ﬁs. The shutter displacement records,

at the same position as the crystal stress records, have a rather low
amplitude in the initial portion, and there appears to be a delay

time between any discernible start of the back shutter signal compared
with the front shutter signal. This apparent delay is due to the
nature of the signal; i.e. a displacement, rather than any systematic
defect of the shutter response time, since the initial portion of the
displacement would.be of low amplitude until the pressure built up
sufficiently to cause the shutter to move more rapidly. Thus

identification of the start of each shutter record is a jittle difficult
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‘and corrections have to be made in the subsequent'analysis;
Figure 3.10(b) shows a record of the front and back shutters
with a 0.25" fibre composite specimep, photographed with a faster
sweep speed than normaliy used. Close examination of the initial
portion shows that the back shutter record starts to rise at

around ‘2-3 us after the front shutter record has started, This
~ 2

would imply a propagation speed across the specimen of about 3 mm/us,
. % . .
much less than the expected value of about 8 mm/ps, taking the speed

to be given by (E/p)i . A greater amplification of the signals

shows that this apparent delay ig only of the order of 1-2 ﬁs,

although at large amplifications the noise content of both signals

is quite appreciable and accurate displacement measurements would

not be possible{

Figure 3.10(c) is a record of the two-shutter signals for a.

specimen in which a longer transit time would be expected, in
addition to a lower amplitudé at the back shutter. These features arise
because of the specimen material;roperties; and are to be compared
with.tﬁe two signals in figure 3.6(b) where the transit time is

short, and the back shutter amplitude is only a little lower than that
of the front shutter. Figure 3.6(b) refers to a composite specimen
with a high acoustic impedance; comparable with that of the steel
pressure bar; with the result that there is a small reflected pulse

in the incident pressure bar, and a relatively large transmitted pulse.
Figure 3.10(c}, however, refers to a composite specimen with a low
acoustic impedance, resulting in a large reflected pulse and a small
transmitted pulse; It can be seen that the properties of the specimen

determine the ease with which the signals can be measured, and hence

the apparent transit time across the specimen,
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Siéure 3.10(d) and {(e) show records cbtained for two identical
specimens, the only difference between the shots being the signal
amplification at the oscilloscope. The back shutter signal in
figure 3.10(d) has about 5 times the gain of the back shutter.signal
in figure 3.10 (e) and:ddentification of the start of this sigéal is
difficult due to the low gain. factor. Thefe is an apparent delay of
about 28 ﬁs in this cass, whereas figqure 3.10 (d) indicates a delay
of 6-7us'between the starts of front and back signais. Thus it was
necessary to obtain displacement gignals of sufficient amplitude for

the subsequent analysis so that these systematic effects could be

eliminated,



3.5 BAnalysis of displacement records

Displacement signals were recorded using a 1 MHz beam chopping
facility on the oscilleoscope so that the actual form of the signals
" consisted of a series of dots separated in time by 1 us. This temporal
division allowed a convenient co-ordinate marke;. The vertical

deflection of each dot from the horizontal zero line was measured
N 3y

with a two-directional travelling microscope accurate to = 0.01 mm.
Within the limitétions ;f the instiument and its operator, the position
of the centre of each dot was measured and noted és the appropriate
point. The front and back shutte? displacement measurements were
then transferred to punched card form for computer anaksis.

The net di5placement'at the front interface yj;(t) is the
sum of the incident compressive pulse (termed +ve) and the reflected

tensile pulse (-ve) which is travelling in the opposite direction to

the incident pulse, but contributes positively to the front

displacement:
hence: - y1(t) = Ug(t) + Uplt)
-wﬁere Up = incident pulée displacement
Ur = reflected pulse displacement

At the intérface between the back pressure bar and the specimen,
the pulse which passes into the back bar is that which is recorded by
the back shutter as the displacement‘yz(t). There are many reflections
within the specimen caused by the impedance mismatch between the steel

"bars and the specimen, but what is recorded only depends‘on the
transmitted compression pulse.
hence: y2(t) = Up(t)
where Up ="tran5mitted pulse displacement,
Application of the one-dimensional elastic wave propagation theory

shows that the stress at the front interface is given by:

ag{t) = (pc).(Ur(t) - Ua(t))

°8



anﬁ at fhe back interface by:
ob(t) = (pc). (Up(t))
where (pc} is the acoustic impedance of the steel pressure bars.
The reflected wave at the front interface is a tensile stress,
and thus subtracts from the net stress at that position. |
The stress o(t) in the specimen is assumed to be the average of
the stressesat eaph intgrface, and the strain e{t) in the sﬁecimen

is given By the difference in displacements at each interface.

. viz. o(t) = gf—%-gb. = (L;)_ . (OI + OI' - UR)
e(t) = Xl-%ﬂzz - % +‘gﬂ = Uz
where £ = specimen length

An approximation éan be made in which the net stressat the front
interface is assumed to be equal to the stressat the back interface.

i.e. Ur -0r = Up

Hence the shutter displacement-v-time records and the specimen
stress and strain can be related in this way:

ol{t) = (pc) ¥, (B); e(t) = y1(t) ;Yz(t)

An operational amplifier was first uaged to provide a differentiated
signal of the back shutter displacement., This required the use of a
Tektronix p;ug-in unit with resistive feedback and a capacitance in
series with the amplifier, The RC value of the differentiating
circuit was set at 10~% s with ¢ = 10~" uf ard R = 1 MQ,

A large gain was required to present a reasonable signal, and a
50 pf noise suppressing capacitor was placed acrpss the resistive
féedback to limit the high fregquency response caused by differentiation,
Figure 3;10 (f) shows a record with the two displacement signals and a
differentiated signal. A large noise content was present on the
differentiated pulsé, and this made measuring the co-ordinates of

the signal waveform quite difficult.
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A further systematic defect was that the RC ﬁalue can only be
truly adeguate for a range of frequency components of the signal, and
this was taken to be around 10% Hz; Other frequency components in the
pulse were not differentiated properly, and the resulting waveform was
thus in error,

Graphical differentiation as an alternative method was thqqght to
be prone to quite serious errors, S0 a computer based mathematical
analysis‘;as used for all the records taken.

The chk shutter displacement was considered to be adequatelf
represented as a fifth order polynomial, and an ICL subroutine was
used to fit an orthogonal polynomial to the déta points by the method
of least squares. The coefficients of the polynomial a; (i = 0+5)
were generated by the subroutine, together with the residuals at each
point and the RMS error of the particular fitted form. Differentiation
of the polynomial is readily done and the backface stress is then
~given By: |

oplt) = (pc)-.(5a5t“ + daytd + 3a3t2 + 2a,t + ap)
with the appropriate calibrationfactor to convert volts on the
oscilloscope to_displacement of the shutter. |

Figure 3.1l is a graph comparing the actual data points of a
back shutéer displacement and the fitted fifth order polynomial points.,
and figure 3:12 is a comparison of this analytically differentiated
back stress and that obtained by the operational amplifier method.

Thus the stress and strain in the specimen are obtained, and
élimination of time between the two gives the dynamic stress-strain
. characteristic. Corrections have to be made for the initial part of the
displacement record so that this averaging process is valid for the actual
specimen stress ané strain. The correction is a time translation of the
bacg shutter stress record so that this rec&rd starts at the same time

as the strain record to allow for the propagation fime in the specimen
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(1;2 ﬁsa and the time during which no measurable deflection is seen in 5
the back shutter displacement record., The total correction time |
was usually between 4 ﬁs and 8 us.

The time translation for the back shutter stress can be further
justified because of the experimental requirement that there are
sufficient reflections in thg specimen before a stress-strain measure-
ment is made so ;hat th? stress gradients existing between the inter-
faces at front and back of the specimen are minimi;ed. Thus the
- material has to be in a state of_combined unform stress and uniform

strain throughout the whole of the specimen in order that the stress-
strain measurements are representative of the‘true specimen hehaviour.
This condition may be obtained for an-isotropic material, in which
there are only two elastic constants; For a carbon fibre composite,
however, the anisotropic nature of the material construction may give
rise to non-uniform.stress and strain distributions within the short
specimen of the Hopkinson pressure bax.

It should be noted thét the stress-strain cycle undergone by a
specimen in the prkinso; bar depends dmost entirely on the specimen
material properties, since the stress which is tgansmitted through the
specimen depend; on its acoustic impedance and the acoustic
impedance of the steel pressﬁre bar, For a large mismatch between these
values; a large reflected wave and a small tansmitted wave will be
produced: together with a correspondingly small specimen strain. Thus
the reaction of the front shutter is determined solely by the acoustic
mismatch, initially at the front interface but then later by the

~reflected waves in the specimen itself: The reaction of the back
shutter is also determined by the properties under investigation, that
is how much strain'the specimen undergoes, which is a function of
the éynamic characteristic; For a given incident étress amplitude the

resulting stress-strain curve cannot be predicted in advance without
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knowing:the {pc) values for the steel and the specimen and also
details of the specimen dynamic characteristics, and so it is not
possible to subject the specimen to a particular dynamic séress-
strain curve. |

Chiu ang Neubeét (1967) presented a finite difference method of

calculating the net stresses Sn the front and back pressure bars for

S
L

a given incident loadiqg. A Maxwell-~type viscoelastic response for the
. “ _
specimen was assumed, and the theoreticél strESSjv-time profiles were
compared with an experimental situation. The values of Young's
modulus and the viscosity coefficient in the model were varied in
order to fit the experimental results and so produce viscoelastic
parameters for the model, The major limitation of this analysis was
the requirement for a smooth input pulse with a narrow frequency
band; since the simple Maxwell model had only a single fregquency
response;. Moreover its use would be limited in thé present application
since the pulse produced in the bullet impact ié quite broad in
frequency content, a§d the behaviour of fibre composites could not be
uniquely described by suéh a simple viscoelastic medel.

The acoustic impedance at a viscoelastic material boundary is
dependent on ffequency, and so the stress reflections and transmissions

for an incident bullet pulse would be very complicated for the

case of a general viscoelastic specimen.



63

3.6 Comparison with other work.

In order to check the validity of the optical shutter method for
obtaining dynami¢ stress-strain characteristics; several isotropic
materials were tested and the results compared with other published
work. |

Polycrystalline aluminiym and copper alloy specimens and a%Fo
perspex specimens were_?repared, and at least four shots taken with
each matériall Figures 3.13, 3,14 and 3,15 show the average stress-
strain curves obtained for aluminium, copper and perspex. Results
for these materials have been well documented in the literature, and
curves extracted from Billingfon and Tate (1952) and Davies and
Hunter (1963) for both aluminium and copper are shown. Percy and
Meikle (1969) have presented results for perspex over a large range
of strain rates as a summary of the results of several different
investigations, and representative curves from the literature are
also shown on the perspex graph.

The 0:25" long aluminium and copper specimens used for these
experiments were annealed for one hour at 500°C in normal atmospheric
conditions. It is seen from the graphs that the.permanenﬁ étrain
measured after the experiment agrees guite well with that shown by
the stress-strain curves for these metals, and that the other published
results indicate reasonable agreement with these curves. The.stress-
strain curves for copper and aluminium obtained by Billington and

Tate showed a plastic strain after the experiment which depended on

the amplitude of the stress loading. Their minimumplastic strains

. were 5% for aluminium and 5.5% for copper. The stress-strain curves

from the literature are not shown completely on the figures 3.13, 3,14
and 3.15. No definite conclusions can be drawn on a comparison here,
since the behaviour may differ in detail due to the various alloy

compositions and annealing conditions used, but there is no reason to
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suspect'that the optical/shutter method is incorrect in providing
dynamic characteristiés. In the case of perspex results, Percy and
Meikle suggested‘tﬂat several factors could account for any
unsatisfactory comparison. The mechanical properties of perspex
may-vary considerably, depending on manufacturing processes,
humidity conditicns and temperature conditions., In addition, thg
strain rate quoted wasu?enerally not a single vélue, but was
variable throughout the test, so that a wide variation in the
characteristics could be expecte@.

It should aiso be noted that the dynamic stress-strain curves
for aluminium and copper presented by Bell (1966) differ
considerably from those curves which_are used in figures 3;13 and 3.14.
It is on the interpretation of such dissimilar curves that the current
controversy over strain rate effects in dynamic plasticity has

evolved,



CHAPTER 4 EXPERIMENTS WITH FIBRE COMPOSITES
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4,1 GENERAL
Experimental investigations of dynamic mechanical properties may

be divided into four distinct classes:

(i) direct observation of stress-strain curves
{(ii) wave propagation metheds
(iii) resonance methods 3
{(iv) f;ee vibfations.

The method of approach has 1a¥ge1y depended on the period and
amplitude of the deformation, the'nature of the matérial and its
anticipated properties and on the shape and size of specimen which was
readily available.

The split Hopkinson pressure bar -was used to determine the
dynamic stress-strain behaviour of a variety of carbon fibre
composites, and the results are described in this chapter. Wave
propagation and resonance methods are described in Chapter 5. A number
of additional observations and experiments are contained'in Chapters
6 and ?; Chapter 8 provides a summary and a fuller description of
the results: The method; of free vibration were not considered in
this investigation; as will be shown; £he internﬁl friction of fibre
composites is rélatively low at the frequencies used, and errors in
the free vibration measurements become large when the internal
friction is low.

Internal friction is the collective temm for the various mechanisms
by which some of the elastic energy present in:vibration is converted

into heat; these viscoelastic effects are considered in Chapter 8 for

_the composite materials of present interest.
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4.2 ‘PREPARATION OF SPECIMENS

4,2,1 Moulding procedure -

Carbon fibre lamingtes are manufactured by Rolls-Royce on a mass
production basis in a continuous form; pre-impregnated with the matrix
material. The matrix is an epoxy resin, designated HR4C, containing
boron triflueride as a catalytic crosslinking agent and a second

E

phase dispersioncof a polysulphone. It is thougﬁt that the polysulphone
. N . :

surrounds regions of the epoxy and so extends the fracture toughness

by crack blunting and also increases the viscosity of the basic resin

system.

'The "pre-preg"” laminates take the form of sheets 15" long and
10" wide: either 0,010" or 0:005" thick (figure 1l.1). The quantity
of resin introduced onto the fibre surface is such that when the
laminates are made up into a composite specimen, the fibre volume
fraction is between 60% and 65%. The trade name of these sheets is
"hyfil".

Moulded composi?es were produced with unidirectional fibres and
with 0/90 crossply fibreé at this volume fraction, The crossplied
composites were made by laying up alternate layefs of fibres at 90° to
each other: Iﬂ order to manufacture composite specimens with a lower
volume fraction of fibres, these standard laminates were taken as a
base, and a simple manufacturing technique was devised:

(1) cut a standard HRAC prepreg fibre sheet (thickness 0.005") into

the shape required - for the mould used here, this was 8.5 " x 4",
{2) Cut n sheets of HR4C epoxy resin film adhesive (thickness 0,001")

into the shape required.

(3) Lay up the n sheets of resin onto the fibre sheet (to produce
the"preform")l

(4) .Mould composite block with the necessafy number of preforms to

make up the moulded thickness.
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Thé n sheets of resin material added to each:fibre sheet
.determined the fibre volume fraction of the composite accoraing'to the
formula:

Vg = %% £ (+ 3%)

since there were 5 parts of 60% fibre volume fraction, and n parts

of 0% fibre volume fraction to each preform. l, 3 and 5 sheets of

HRAC were added to fibrg sheets an§ made into specimens, fesulting in

fibre voiﬁme fractions of about 50%, 38% and 30%.

The moulding procedure was as follows:

(1) Pack the preforms into the 8.5" x 4" moulding box, and precure
the staék 6f preforms in a constant température oven at 125° C
for 20 minutes. This allowed thé resin to flow throughout the
stack of layers and produce a more homogenous and consistent
block.

(2) Mould the block in the moulding box under constant temperature
and pressure (165°C, 0.5 tsi) with fixed stops on the press to
determine the moulded thickness. After the block was inserted,
10 minutes were éllowed for the temperature to regain 165°C, and
then moulding was continued for 60 minutes.

(3) The composite block was finally postcured for over 2 hours at
180°C to evaporate off all solvents and to alloﬁ final cross~
linking of the resin to occur,

The volume fractions produced were accurate only within + 3%,
because the moulding process was quite likely +o produce sligﬁt
irregularities within the block, and a certain degree of inhomogeneity
.resulted.

Blocks were moulded to a design thickness of 0,600" in order

that specimens of maximum dimension 0.500" could be machined for the

Hopkinson bar apparatus.



Unidirectional fibre blocks of all these volume fractions were
prepared, in addition fo a 0/90 crossply block of volume fraction
about 30%. From all the fabricated blocks there were two types of
 specimen which could be prepared; from the four unidirectional fibre
bloCks, cylindrical specimens of diameter 0.5" were machined With the
fibres running along the axis_ (designated "axial" specimens) and_with
the fibres running acrois the circular cross-sec£ion (designated
"chordal"). The 0/90 crossply blocks also provided specimens withl
alternate layers of fibres running along the axis and across the
cross~section (designated "axial/chordal") and with alternate layers
of fibres running across the cross-section at'90° to each other
{designated "chordal/chordal"). Tﬁelye types of specimen were thus
prepared, covering a range of volume fraction, fibre direction and
fihre lay-up.

4.2.2 Polishing : -

In order to perform the experiment correctly, it was necessary to
prepare a close fitting bond between the two end surfaces of the
cylindrical specimen and Lhe end surfaces of the pressure bars. The
specimens were hand polished to produce a satisfactory surface finish
on the end faceé, using a "Struers” wet pregrinder. Four grinding
paper grades were available, with grain sizes of 70, 50, 35 and 20 um.
Water lubricated polishing was carried out on each face using
successively finer grain sizes. For the experimental measurements to
be realistic, the specimen end faces should be parallel to + 15 um
and perpendicular to the axis of the cylinder to within + 15 um.
These criteria were checked on the specimens using a surface plate

and dial gauge. Further polishing was carried out on some specimens

held in a centre lafhe, with a buffing material held in the tool post.
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These preparations were sufficient to use the surface tension
of a thin layer of oil to attach the specimen in between the
pressuré bars; moreover, lubrication was necessary at the interface
- to minimise any frictioﬁal boundary restraint. Similar polishing
was carried out on the steel pressure bars, a special jig being used

to hold the bars perpendicular to the polishing plane. Care was
x -

taken to ensure that the shutter at the end of eéch bar was alsov

polished and aligﬁed wigh its gdge-parailel to the bar endface,
Specimen dimensions were measured hefore and after the

‘experiment using a micrometer, acéurate to + 5 ym, The machined

specimen sizes were of diameter 12,60 to 12.70 mm, and the two lengths

used were in the ranges 6.15 to 6.30 mm and 12,60 to 12.75 mm,



4.BSTRESS-STRAIN RESULTS FROM HOPKINSON BAR

Dynamic stress—sﬁrain characteristics were obtained for several
different types of carbon fibre composite, covering a range of
material parameters. At least four separate shots were taken of each
type, and the averages of the resulting stress-strain curves were
calculatedqd. -Thesé eurves arg.- presented in figures 4.1 to 4.8 S?Jtha
the variations ip mate;}al paraméters can be coﬁpared.

Eigﬁres 4,1 and 4.2 show respectively results for the axial and
chordal unidirectional fibre specimens at volume fractions of 60, 50
38 and 30%. Axial specimens undergo a much larger stress loading
and are compressed to a smaller strain than thé-chordal specimens,
The volume fraction of fibres in an gxial specimen determines the
stress-strain relation, whereas the behaviour of chordal specimens
is not so dependent on the fibre content.

The graphs are plotted using the 'engineering'stress and
strain, in which the stress is measured over the original area of the
specimen, and the strain is measured over the original length.
fhis procedure is accept;ble for the small values of strain involved
in these experiments, whereas if there had been a larger strain,
the 'true' stréss—strain behaviour would be required. Represenktive
error bars are showp on the graphs at several pointé. The errors
were calculated from thé means and &viations of the stress-strain
response using four or five experimental determinations of each
stress~strain curve. )

A correction for the radial inertia of the specimens, using the
Davies and Hunter (1963) criterion, may be applied to these stress-
strain curves. The correction becomes important in regions of the

response where the strain rate is changing rapidly. The stress

correction A is given by:
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A= plg M- 3922, T (v)
where p = specimen density . 1.6 x 103 kgm/m3 -
h = specimen length 1.2 x 107%m
Js = specimen Poisson's ratio = 0.2 - 0.5
a = specimen radius - 0.6x 10_? m

The rate of change of strain rate {&) has a maximum value
) J

of about - 120 x_lo6 s:? at a strain of 4 x 1073 (i.e. at the

peak strain, 20 ﬁs after the staft of_thé pulse), and the stress

correction for the axial unidirectional specimens is about

- 5 MN/m2,

The stress correction for the chordal unidirectional specimens

is of the same order (~ - 4 MN/m2 at a strain of 10 x 10‘3)

although the correction is particularly sensitive to Poiséon's

ratio, whicﬁ is quite different for the two cases. (vg~ 0.2 for the

axial specimens and between 0.2 and 0.4 for tlechordal specimens).
The size of tﬁe correction is within the experimental error of the
stress-strain curves, SO that the correction is not included on the
_‘graphs 4,1 or 4.2. ‘

A more complete discussion of ail the dynamic stress-strain
charaderistics, together with comparisons of quasi-static behaviour
is giﬁen in Chapter 8,

Figure 4.3 shows the curves for the 0/90 crossply specimens -
axial/chordal and chordal/chordal - at two volume fractions of &0
and 30%; The crossplied materials show a response siyilar to the
axial unidirectional and chordal unidirectional responses at these
fibre volume fractions, with the chordal/chordal material undergoing
a larger strain and having a smaller initial modulus than the axial
/chordaI:

Eigﬁres 4.4 and 4.5 show the effecf on the stress-strain curve

of using specimens of length 0.5" and 0.25" for both axial and chordal

specimens. Little change is seen in the case of axial specimens,
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where the material is transversely isotropic on the macroscopic
scale of this experiment. The Davies and Hunter criterion-for
specimen lgngth/diémeter, as calculated above, showed that the
lengths 0.5" and 0.25" were within the limits of this criterion for
theA 0.5" diameter bars. Thus the axial specifnen behaviour was

independent of specimen geometry. The chordal fibre specimens are

b '\
8

transversely anisotropic, and the Davies and Hunter criterion
N ~ :

cannot be really applied to these mate;ials because the conditions

for radial displacements are non-uniform around the circumference

of the specimen. The response oé thesé specimens is thus seen to

depend on the specimen size.

In choraal unidirectional fibre specimens, there are two

"Poisson's ratios" which couple the eompression along the axis of

the cylinder to the radial displacement perpendicular to and parallel

to the fibre direction. In general, these two values differ

significantly; since the elastic properties of fibre and matrix are

s0 different. Thus the inertial stress correction given by

Davies and Hunter becomes much more complicated, and the expression

h = Y3V a, where h, a are the specimen length and radius, with a

Poisson's ratio ¥, is replaced by:
h*= 3 [(o}+ 2)3 + g,&.]o’-
4 2
where '% and dlare the coupling factors for the chordal specimen.
In the case of ¥, = 0.2 and V,= 0.4, 12 ~ 0.57a2 > h~0.75 a
This geometry is more nearly séatisfied by the chordal ﬁpecimens of
length 6.25".
Figqure 4.6 shows the stress-strain graphs obtained with the
standard 0.22" bullet and the high velocity bullet for 38% unidirectional
specimens in the axial and chordal directions. The high velocity

bullet produces a higher stress amplitude in the specimen, but the

stress-strain curve follows that given by the standard bullet pulse.
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A greaker specimen strain is also produced by thé high velocity
bullet. Fig. 4.7 shows .the effects of the standard and high
velocity bullets oh thg 0/90 axial/chordal 60% specimens, and a
similar behaviour is seen.

| Fig. 4.8 shows the results for axial unidirectjonal 52% specimens
with high velocity and standard bullets and a specimen length ?g

0.25", These specimeps were made from the samé batch of material
- A

which was used in the pulse propagation experiments described in
Chapter 5, and the graphs provided a useful indication of the dynamic
stress-strain curve which could 53 compayed with the propagation
results in long bars of this material. |

Figures 4.9 and 4.10 show respectively the stress-time and
strain-time variaiions for an axial/chordal 60% fibre specimen.
The stress pulse which loads the specimen is increased by about 50%
to about 240 MN/m2 and rises to this maximum in about 25 us for the
high velocity bullet, whereas the standard bullet requires 30 us to
reach its maximum, |

.The strain rate in the axial fibre specimens is a function of
fibre volume fraction, since larger strains are produced in longer
times for low volume fraction specimens; figure 4.11 shows a graph
of the maximum strain rate-v-volume fraction for all the unidirectional
specimens.

_The strain rates in the specimen for the standard and high
velocity bullets differ by a factor of 1.5 or 2, and so it can be
expected that the stress-strain characteristics appear very-.similar
for shots with these two pulses; the only differences arising in

the curves were the maximum stress amplitude and the corresponding

maximum strain.
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4.4ERRORS IN STRESS-STRAIN GRADHS

A representative signal for the displacement of each shutter can
be obtained with an accuracy which depends on several contributory
experimental factors. These factors can be broadly classified as
mechanicﬁl and electrical. In addition, analytical factors will
determine the accuracy of the,calculations for the specimen stress,
and the resulting streis—strain characteristic,

Sharpe and Hoge (1972) compared strain-time cﬁrves from
Hopkinson pressure bar experiﬁen;s using the average strain
calculation of the usual strain gauge technique with the surface
strain measurements of Bell. The lack of 1ubfication in Bell's
experiments was thqughﬁ to be the main cause of the discrepancy
between the surface strain and the strain gauge techniques, and the
validity of the method for calculating stress and strain was examined.
From an analysis of the uncertainty associated with identifying the
start of the incident, reflected and transmitted strain pulses, they
concluded that the s;rain gauge technique was in great error (up to
25%) for the smal; strai; in the initial stages. The surface strain
measurements approached the one dimensional streés state for large
strains, typicélly above 1.5% strain, and for the plastic region of
strain in annealed aluminium specimens.

The shutter displacement technique provides the average
specimen strain directly, without any reference to the one dimensional
propagation theory and any errors associated with the strain gauge
technique are eliminated. Systematic errors may occpr} however, in
the use of the back shutter displacement for the average specimen
stress. These errors were considerably reduced by a time translation
of the stress calcﬁlated by differentiating this displacement. The
starf of the average stressrecord was méde tb coincide with the start
of the average strain, so that an average stress-strain curve was

produced.
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4.4.1 ﬂechanical errors

The tests on the éhutters which were described earlier showed
that the shutter displacement recorded with the light beam at the
bottom of the shutter was identical with the displacement recorded
across the end of the bar; also the joint between the two stgel bars
was shown to -have little effgct on the pulse propagation. A non-
uniform loading in the,fxperimental rig would be caused by
misalignéd pressure bars and specimen or by the bullet impact off-
centre. Large discrepancies woulg produce oscillations in the
displacement records, and for cases in which poor quality records were
bbtained, that particular shot was rejected aé unsatisfactory.
The hand polishing process sometimesvgave rise to a shallow chamfer
around the edge of the specimen endface, and errors were possible
here. This small degree of non-parallelism was not readily visible
when the .specimen was set up in the split pressure bar, and could
result in a non-uniform lcading of the endface. The poor alignment
would then cause a d%screpancy between the displacement of the front
shutter and the displaceﬁent of the back shutter which was not
dependent on the material properties alone, and hence the
specimen strain‘would not be directly related to the specimen stress
obtained by differeqtiating the back displacement.

Billington and Tate (1972) estimated that a misalignment of one
degree between the normal to the circular faces of the bars and
the longitudinal axis of the specimen gave rise to a 2% difference
between the maximum stress loading and the stress obtained from their
strain gauge records. For the shutter recording method, an exaggerated
case is shown schematically in figure 4.12, where the edge of the
specimen has a maximum chamfer of 0.035 mm. The front displacement
pulse causes thé front pressure bar to move to the right} reducing the

_gap until the whole cross-section of the specimen is loaded, This
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would oécur in a time of about 4-5 us. Thus the recorded movement is
in excess of the real movement for this initial period since the force
in the pulse is apélied‘over a smaller area than the real cross-
section of the bar, and the apparent stress is increased. The reverse
situation occurs at the back interface, since the back pressure bar
receives a force over a largg; area than the specimen area, andﬁ§o a

reduced signal for displacement’ movement is re&orded. For the rest
: . ;

of the displacement pulse, the movement is unaffected, so any
corrections required are necessary only for the initial 4 pys of the
pulse., The calculated strain for this initial period is greater than
the actual strain; the difference may be + 25? at 1 us after the start
reducing to no difference at 5 us. The stress calculation is also
in error, but the time translation of the stress pulse used in the
analysis allows for an adjustment to be made for any initial
discrepancy where there would appear to be no stress in the specimen
for an initial strain.

The overall error ih stress was estimated at + 6%, and in strain
at i_B%. These values wére estimated %rom measurement errors in

specimen size and from the errors associated with measurements on

the photographic record.

4.4.2 '‘Electrical errors

Care was taken to ensure a uniform light beam so that the
photomultiplier response was constant for the duration of the
experiment. Noise in the electronic recording system was seen to be
.negligible, since, as described, the photomultiplier was not run at
saturation and it was blanked off from ambient light. The
oscilloscope gain was mid-range (at about 1lV/cm vertical amplification)

and there was little oscilloscope noise,
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More serious erfors may arise from thé direct‘calibration
experiment which accompanied each shot. Calibration was carried
out by moving the shutter through the beam and observing the
change in amplitude of the square wave produced by mechanically
chopping the light beam. The resolution limit for a change in
square wave signal on the osgilloscope screen was a factor herez
and it was essential tq ensure that the region of beam used in the
experiment was covered in the &alibration. Aan additional check
was to produce a calibration curye,for both shutters while opening
and closing the beam, i.e. while increasing and decreasing the
image intensity on the photomultiplier surface. The calculated
stress—-strain curves were very dependent on the accuracy of the
calibration values; however, no independent check on the stress-~
strain curves for fibre composites was possible since there was no
measurable permanent deformation after the experiment.

4.4.3 -Analytical errors

The calculation of specimen stress and strain depends also on
the analytical means useé once the photographic recording of the
shutter displacements are obtained. Reading errérs may arise during
operation of tﬁe travelling microscope. The centres of the dots
for each trace were used in the measurement of vertical deflection,
subject to the limitations of the grain size on the polaroid print
surface, and the intensity of the dot. A 1l:1 relation was assumed
for the screen image on the photograph and theactual screen size on
the oscilloscope.

Errors in the parameters used for the fifth order polynomial
fitting program to calculate the specimen stress could be reduced

by using higher orders. However, the data points have errors associated

with.them, and a goodness of fit criterion was applied, to prove the
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validitf of the fifth order polYnomia;. From the use of the
travelling microscoge,la reading error of 1-0.003 cm was estimated,
and assigned as the error for each data point.

“Polynomials up to the 8th order were fitted to a set of data
points for one shot using the least squares method, and the
residuals at each peint were calculated for all ;he polynomial -

z
expressions. The goodness of fit was indicated by the "'x;

test" whére .
z . .
ix;z = Y; ) for all i points
*j_i. .
' L .

residual at each point

it

rj
jL = standard deviation at each point ' -
’Xf' shoula be approximately equal to the number of degrees of
freedom M for the polynomial fit, with M = N - (n + 1}
where N = number of experimental points -

degree of polynomial

n
For this particular shot, N = 67, hence‘M‘u 65 - 58. Figure 4.13
shows a plot of 7{Las a function of n, and it can be seen that a
polynomial of the fifth order satisfies the criterion fo? )CL o ﬁ.
It was assumed that the general shape of the displacement signal
was very similar for all the specimens used, allowing for differences
in amplitude and duration, so that the fifth order could be used
in all cases.

.In'view of the limitations of the polishing and specimen
preparation it was necessary to cobtain several recordings for each
specimen type in order that sufficient data were available.
Statistical differences in the specimen material properties could
also be averaged iﬁ this way, and the stress-straiq graphs shown in
the figures are £he average curves for at least four shots for each

specimen type. It was possible then to have an indication of the
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repeatability of the experimental results for all the specimens
used. ' .

" Several indeﬁendent shots alsc provided a check on the
calibration values ﬁseé in the analysis, since a calibrated
exﬁeriment was performed after every shot. It should also be noted
that each specimen used in Ehe experimental apparatus, and fﬁr

’ 3
which a stress-strain.curve has been presented in the figures;'had
been previously.untesged.

All the fibre laminate material which was used in the specimen
manufacture had béen obtained féom the same batch of hyfil
product, IE was thought, then, that statistiéal differences in the
material properties would be minimised, and that useful comparisons
could be made between the results fér ‘the volume fractions, fibre
directions and layjup, as indicated on the graphs shown in figures

4.1 to 4.8,

4.4.4 shutter displacement curves

A further indication of the reliability of the shutter
displacement : records can be given by comparing the records for
several independent shots under identical conditions. Three records
were obtained'for the front shutter displacement : signal with the
back pressure bar and specimen removed, -and these records
are shown in figuré 4.14. It can be seen that the maximum deviation
between these signals is about 10%, and this figure is an upper
limit to the overall error for the shutter displacement curves.

Examination of the front and back displacement signals for the
fibre composite specimens showed that the maximum deviation may be
as much as 10 - 12% at times greater than 45 us after the arrival
of the pulse. Nevertheless it was felt that, by using the results
for at least four separate shots, an average stress-strain curve
could be produced which was a true representation of the short

specimen material behaviour.
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"CHAPTER 5 'PULSE PROPAGATION MEASUREMENTS
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5.1 GENERAL

A number of additional experiments were carried out té defermine
features of the bulse propagation behaviour using composite specimens
in the form of longlars. In particular, the propagation of a stress
pulse down a long bar of the material enabled measurements of the
propagation velocity to be made. Any change in pulse sghape due_to

dispersion could also be observed. Several long bars of composite

1
.

material were prepared with the fibres running alcong the axis and a
fibre volume fraction of about 52%, and the propagation spégds of
elastic disturbances in these bars were ﬁeasured using three different
techniques. A complete series of tests covering a range of volume
fraction was not possible because of. the large quantity  of material
which would be required, and because of practical difficulties in

fabricating these bars in suitable moulding boxes.
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5.2 BULLET PULSE PROPAGATION

5.2.1 Stress measuring technique

Quartz crystals were used to provide measurements of the
stress-time functions at various positions in the bar system.
A direct relation exists between the stress applied (gj) at a quartz

crystal and the polarisation (Pi} induced at the crystal by'the Piezo-
X -
electric effect: ' ‘
"

Pi = dijoj (3 =1 ...6; i=1...3)

where djj is the nontensorial piezoelectric modulus. For X-cut

quartz, a thin disc is cut perpendicular to the x—axié, and
.for a uniaxial stress ¢} in the x-direction, dij = d;7 = 2.3 x 10712
Coulombs/Newton.

A charge Q generated by polarisation in the x~direction over
the disc of area A is then:
Q =4d;; 01 A

Let C be the total capacitance charged and E; the voltage

n

generated such that Q CEy, then:

Using ¢ = 0.015uf and a 0.5" diameter bar, the calibration
factor for the relation between voltage on the capacitor and stress
at the crystal was 51.5 M N/m?/Volt.

Cunningham and Goldsmith (1958) showed that surface strain
gauges and quartz crystals gave very similar results for stress
impulse loading of long steel bars. More recently, Dragnich and

Calder {1973) have also confirmed the wvalidity of quartz crystals

for measurement of internal dynamic stresses.
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5.2.2 Experimental arrangement

A long bar of the fibre composite was prepared by joining
together two 8" long bars with a 1 mm thick quartz crystal bonded
in at the joint. Silver loaded commercial araldite was used
to secure the joint and rigidly hold the crystal in place.

The\?caustic match between guartz ané the

. . o
52% axial fibre composite was good, and the quartz disc was thin

b .
~compared to the pulse wavelength, so that there was only a small
reflected pulse at the crystal/bar joint.

All the endfaces of the bars were carefully machined perpendicular
to the bar axis and polished to ensure a close fitting bond.

Duiing the cure process of the araldite, carried out in an oven at
120° - 140° C, the two sections of bar were set up and rigidly held
in a jig so that the resulting long bar (either steel or fibre
composite) was accurately aligned. .

‘ Tektronix

The built~in calibrator on thel555 oscilloscope was used to
calibrate the vert%cal amplification of the signal traces, and the
calibration factor of éection 5.2.1 was utilized in the analysis of the
photographic record,‘as was the case for all sﬁbsequent experiments
which emplofea crystal measurements.

The experimental arrangement is shown in figure 5.1 in which
the short specimen and back pressure bar of the usual Hopkinson
split bar experment are replaced by the composite bar. The shunting
capacitors placed across each crystal acted as voltage dividers to

"reduce the generated voltages to desired values for display on the
oscilloscope.

The standard 0.22" bullets were used to produce a stress pulse
which propagated.along the bar system; the crystal in the steel
préssure bar provided a measurement of the incident compressive

pulse, and the crystal in the compoéite bar provided a measure of

the transmitted compressive pulse. This latter pulse had travelled
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elastically through a section of steel bar, and then through a
section of fibre combosite bar. A comparison of the shapes of the
two pulses would give an indication of any viscoelastic
properties of the fibre composite; Norris (1967) has reported
experimental work on the propagation of stress pulses in a
viscoelastic rod using a sipilar arrangement. 3
At the single inEerface between the front steel bar and the
speciméh, a portion of the incident pulse o1 was reflected as a
pulse of tension UR_back into the steel. The amplitude of this

reflection depended on the acoustic impedances at each side of the

interface. Hence Oy is given by:

or = o7-{ Zz-Z,) ’ -
where Z, = acoustic impedance of steel

acoustic impedance of composite

]

ZZ
Using accepted values of the density and Young's
modulus for the stainless steel, and taking thé densitj and
modulus for the composite bar from the static law of mixtures

relation, then the acoustic impedances have the values:

Z, = (pE)* = 4.1 x 107 k gm/s/m2
: ., ,
and Z, = 1.3 x10 k gm/s/p
thus Z| - 321 ,.. 'O-RI""ﬁ

2

Figure 5.2(a) shows a polaroid record of the stress pulses
recorded by the crystals at the two positions. It can be seen
that the transmitted pulse in the bar of composite has an amplitude
about half that of the incident pulse in the steel bar. Thus only
half the incident pulse was transmitted into the composite bar.
fhié condition is the same as that for the front interface in the
split pressure bér, and an axial composite specimen of this fibre

content would be subjected to about half the incident stress loading.
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For cﬁordal composites, the acoustic impedance‘is about 0.1 2y
due to the low transverse modulus, and a larger reflected pulse
would be produced with the specimen undergoing a small stress
loading. No recording at the reflected pulse in the steel is
seen in the photograph,'nor any signal of the pulse reflectgd
from the far end of the composite bar. These pulses were tens%le

AN

in nature, and of sufficient magnitude to break the araldite bond.
Both cr&stals were broken by shear failure due to these reflected
pulses, although the bars themsglves were not damaged.

The time differénce between the start of each stress pulse
corresponded to the time required for the éulse to travel along
the steel bar (12.5 cm long) and along the compeeitebar (20.4 cm
long). A value for the bar velocity in steel, (E/p)&, was
assumed to be 5.2 km/s, and the propagation speed in the
composite bar was then calculated. Table 2 shows the bar wave
speeds from this pulse propagation experiment for several axial
unidi;ectional specimens, of fibre content about 52%.

Very little chang; in shape of the stress pulse was apparent.
The large fluctuation in stress after the initi;l rise was
transmitted féithfully through the two materials and the joiht.
This fluctuation was thoﬁght to be caused by radial oscillations
in the crystal due to lateral movements of the bars. No
significant spreading out of the pulse was seen, which would be a
characteristic of dispersion. Such dispersion could arise from

either the geometrical restraints of the bar diameter, from the
internal geometrical configuration of fibres embedded in a matrix
material or from the viscoelastic nature of the composite due to the

matrix properties. fThese effects may not be additive, and indeed '

some cancellation of one with another may have occurred. Considering



Wave Speeds in Composite Bars
=N ot - - -
Fibre Bullet Pulse : Vibrating Reds Resonance Ultrasonic Pulse Law of Mixtures

' o
Bar type Volume 7o Speed — Km/fs Frequency Speed - Km/s Speed Kmfs Speed Km/s
Axial 1 55 852 -2 21-53KHz | 8-75% -05 9-10% 02 86"

2 54 85 % 2 2144 8-65% D5 9-24 %02 8-6

3 55 8.6+ -2 21-71 8-80+ .05 9-19 £ 03 8.6

4 53 8.6+ -2 21-69 8-80 % -05 9.18 £ - 04 8:6

-

Small ¢ ’
Axial 9 59 - 13-34 8-75 %05 9-11% - 03 8-7 ,
Chordal 59 = 8-28 2:61% .02 2:97+-01 -




85

the rather complex mathematical analysis involved and the limited
experimental data available, no quantitative assessment of
dispersive effecté was made.

A further experiment involved similar long bars of about 60%
fibre composite, with measurements made of the particle

displacements at two positions. The displacement at the interface

h e
A=

between the steel bar and the composite was indicated by a shutter
. -

on the .steel bar, and the displacement at the free end of the

composite bar was measured using the end of the bar as the "shutter"

This free end moved across a liéht beam as the  pulse reached and

was reflected at the end face. The movement ﬁere was twice that

of the transmitted pulse alone, since with a phase change of 180°

on reflection the reflected pulse displacement added to the initial

displacement. FPigures 5.2(b}, (c) and (d) show polaroid records

of the two displacements for an axial fibre bar, a cherdal

fibre bar and-a perspex bar respectively. Successive reflections

in the steel and specimen bar were recorded, since there was no

cfystal bond vulnerablé to failure.

The time differgpce between the displacement records again
gave a measuré of the propagation time over the length of the
composite bar, although the difficulties in assessing the start of
the trace deflection were .present as before. These results and the
corresponding wave velocities for a number of shots with the 60%
fibre bars are given in table 3. For purposes of comparison, bars
of perspex were also used in this experiment; the value for
perspex wavespeed of 2.24 + 0.04 km/s is in good agreement with
the.value of 2.25 km/s derived by Davies and Hunter (1963) from
the initial slopé of their stress-strain curve for perspex.

Tennyson, zimcik and Tulk (1972) gave a value of 2.26 km/s for the



TABLE

3.

BULLET PULSE PROPAGATION SPEEDS

- - Measured using two shutters

Shot Fibre Bor Transit Wave

Number Volume o/o Lengfh.cm Time pts Speed Km/s
1B 1-3 | ) 4142 804
tB1-5 { 59 } 32-95 38 %1 8:66
LB 1-6 J 371 8:90
LB 2-1 ) \ 371 8:85
LB 2-2 j 61 ] 32:75 40 x1 819
LB . 2-3 !( j 4¢x | 8-19
LB 2-4 ) J 3841 §-62
LB 4-1. \ \ 36%2 904
LB 4-2 '/ 61 232'55 371 8-79
LB 4-3 F\ L 371 8-79
LB 4-4 -’ ) 39%1 8.35

Axial Fibres Mean Value 8:63% +25 Krhﬁ
101 -1 \ ) 33:12 125% 2 2:65
102-1 { 59 ( 17:97 70%2 2-57
103 -1 J } 15:72 60£3 2-.62

| Chordal Fibres Mean Value 2.61%03 Km/s
PERSPEX - 331 148%2 2:24 04




phase velocity of perspex at frequencies up to 50 kHz; these
measurements were made with a pulse produced by detonating an
expiosive charqef
For the axial fiﬂre long bars, the mean velocity obtained
was within experimental error of the longitudinal bar velocity
using the static law of mix;ures. There was little apparenﬁ
[

. !
change in the shape of the displacement pulse. For the chordal

: Rl
fibre long bars the measured propagation velocity was less than

that for axial fibres by a factor of 3. The matrix alone would have

a wavespeed of about 1.5km/s ané the fi?re material alone would
have a wavespeed along the fibres of about 11.2 km/s. However,
in the chordal fibre specimens, the fibres do not carry any load,
and only contribute to the composité stiffness by some transverse
modulus. Thus the chordal fibre specimen pulse velocity appears
to be composed of a contribution from the matrix together with a
small contribution from tﬁe transverse fibre properties.

All three chordal long bars used in this expgriment were
seen to fracture d;riné the pulse propagation in the first shot
fired at them; No breaks were seen in the axial fibre bars,
although the bar LBl had several cracks in the loading end when
testing was discontinued after ten impacts.

Figure 5.3 shaws the relative position of the broken piece
on one of £he three bars tested. It should be noted that on
each bar a crack also appeared near the loading end of the bar,

a similar distance from the front end as the break w;s from the
free end. These breaks in the chordal specimens were all of a
similar nature; a short piece at the far end of the bar broke off
in a manner of a Hopkinson fracture. This type of fracture is

caused by the net stress loading reaching a value at a particular
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position along the bar where the reflected tensile stress is
greater than the incident compressive stress, and of sufficient
magnitude to break the fibre-matrix bond in tension. A further

discussion of fracture is given in Chapter 6.
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5.3 Ui.TRASONIC PULSE PROPAGATION

The velocity of propagation of an ultrasonic pulse, whose
frequency was around 5 MHz and which had a very low stress amplitude,
was determined by measuring the transit time of the pulse along a
composite bar. A transmitting and a receiving probe were placed at
opposite ends of the bar and in contact with the flat polishedﬁ
ends. Good contact was required in this case in‘order to passJas
much enérgy as possible into and out of the bar, and a thin layer
of transformer oil was used to ensure adequate contact. The form
of the pulses available from the ultrasonic generator was a rapid
succession of wave packets, up to a repetition rate of 1 kHz, with
the central frequency around 5 MHz. - This value was much greater
than the main frequency components of the pulse produced by the
bullet impact in the steel pressure bar. The apparatus was
arranged so that it was possible to pass part of the transmitted
pulse along a delay line and to compare the transit time through
the specimen bar with the transit time along the delay line. The
délay was adjusted so éhat there was temporal coincidence between
the pulse transmitted through the specimen and £he pulse being
delayed. Both these pulses were displayed on the ultrasonoscope
screen. The delay line was directly calibrated in microseconds,
accurate to + 0.1 us, and hence the propagation time of one transit
in the specimen was readily measured. The arrangement of the
experimental apparatus is éhown in fiqure 5.4. ,

The shape of the ultrasonic pulse transmitted from the contact
probe is thought to be a relatively narrow beam which does not
diverge significantly during this one transit through the bar. For

a distance D2/4A, where D is the probe diameter (12.7 mm) and

~ A the wavelength of the disturbance,the lpam is known to converge in



FIG.5-4 ULTRASONIC EXPERIMENT - Pulse propagation
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a-neaf or Fresnel zone, and then to diverge at an angle i/D in the
far or Fraunhofer_zoﬁe {(Aldridge and Lidington, 1969). The bars
used here were normally 6" - 8" long (152 or 203 mm).

The near zone for 5 MHz pulses was approXimately 23 mm, and
the beam reached the edges of the 12.7 mm diameter bar at about
92 mm from the transmitting probe. At the rgceiving probe, tbg
initial signal present was always that which had passed along the
centre.;f the bar at the infinite medium speed, and later signals
were those produced by reflections from the bar surfaces.

The wavespeed measured was essentially thé infinite medium -
speed, which was the fastest velocity of'progagation of elastic
pulses. Nevenheless, there may have been end effects in this
particular experiment which introduced boundary conditions on the
form of the pulse, and the assumption of an infinite medium may have
been in error. All results of wave speed calculations are shown
in table 2.

A 2" cube of unidirectional fibre composite was also
manufactured in order for the ﬁltrasonic wave speed to be
measured; with this -size of specimen, there were no boundaries
which interfered with the wave propagation and so an infinite
medium was assumed. The propagation of 5 MHz pulses along the
fibres was observed, and a wave speéd 6f 8.92 km/s for this 43%
fibre content block was obtained. This value should be compared
with the value 9.20 km/s for the 52% fibre content bars.

No measurements couldl= made for the propagation velocity across
the fibres in the cube of composite, since the signal transmitted
was very low amplitude. It was assumed that the attenuation of
the pulse by the.geometrical and mechanical properties of the

material had reduced the signal amplitude.
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'ﬁave speed determinations at ultrasonic puise frequencies
of about 2.5 MHz and 10 MHz were also carried out on the fibre
composite cube. The propagation times obtained were found to be
identical with that for 5 MHz pulses, so that any frequency
dispersion of the ultrasonic propagation velocity was not present
over this frequency range for longitudinal wave propagation iQ;
the fibre direction.,‘

Méasgrements 6f the amplitudes 6f successive pulse transits
along the bars would give an indication of the attenuation present
in the composite, but this was not undertaken due to the noise
content of the signals, and the additional aifficulties of
assessing losses in the clamps and in the joints between the bar

and the contact probes.
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5.4 VIBRATING ROD TECHNIQUE

!

The lqngitudinai bar velocity (E/p)“*was also found by a
vibrating rod tecﬁniqge whichitilised the resonant frequency of
an oscillating specimen bar. The bar was lightly clamped at its
ceﬁtre and an excitation was induced at one end of the bar by
means of an.electromagnetic{transducer. This transducer waé made

. o
to oscillate at various fregquencies so that it acted magnetically

~
on a small disc of mu-metal which was bonded to the end of the bar.
There was a small gap of about 1 mm between the disc and the
. transducer, so ﬁhat the bar was excited,without physical contact
with the transducer and the bar ends were ffeé of stress. The
vibration of the bar was detected by a similar transducer at the
other end of the bar. sStanding waves were set up in the bar, and
resonance occurred when both ends of the bar were vibrating in
" phase. The resonance was displayed on an oscilloscope, and occurred
when the standing wave had a wavelength A where:
ni

L = bar length = o n = 1, 2, 3 ...

aﬁd the resonances had-a frequency :
f=%(§i

Thus, by.observing the resonant frequency for a given length
of bar, the wavespeed can be determined.

The experimental arrangement is shown in figure 5.5.

The resonant frequency for the first mode of excitation (n = 1)
was found for several axial fibre unidirectional 52% ;omposite bars,
and the longitudinal wave velocities calculated from.these results
are shown in table 2. In addition, it was possible to measure the

resonant frequency for a chordal fibre 60% bar, and this result

is also shown.



FIG.5-5 VIBRATING RODS EXPERIMENT
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5.5 VISCOELASTIC PROPERTIES

5.5.1 Theoretical considerations -

Real solids are never perfectly elastic, so that when a
disturbance is propagated through them, some mechanical energy
is always converted into heat by several mechanisms which are

collectively called internal friction. Material behaviour may be
~ \

r

termed viscoelastic by including a viscous as well as an elastic
Y

element in the respdnse. Viscoeiasticity gives rise to
attenuation and dispersion of the stress wave. A model
representation for such a material is considered in Chapter 8.
A linear viscoelastic material may be characterised by a
complex modulu§ E*, which is fregquency depen&ent:
i.e. B*(w) = Ej(w) + iEs(w)
iwt

Consider a sinusoidal strain € = g_e imposed on a

L]

viscoelastic material; the corresponding stress will oscillate

at the sane frequency,'but out of phase by some amount §:

6 = geilwt + 8

]

and . C (E] + iEj)e,eiWt; tan 6 = E2

E)

A measure of the value for tan ¢ can be found by determining
the shape of the resonance peak in a vibrating rod and observing
the bandwidth Af of the resonance curve at the half power point
{ 1 X voltage max.)

72 ge max.),

The shapes of the resonance curves for axial fibre and chordal
fibre bars were found by measuring the relative amplitude of the
resonant signal on the oscilloscope as a function of frequency.

A timer counter was used to measure the frequency of the driving
oscillator; measurements were accurate to + 2 Hz. The resonance
curves are shown in figure 5.6. From these curves, the axial bar
(V¢ = 60%) shows a damping coefficient of about 10*3, whereas the

chordal fibre bar has a damping of about 1072 at the resonant

frequencies shown for the particular bar lengths. These damping
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factors are of the same order as those reported by Tauchert and
Moon {1970) for axial fibre boron-epoxy beams around 4 kHz.

The larger damping in the chordal fibre case is indicative
of the larger viscoeléstic content in the‘pr0perties of this
fibre'direction.

Using the linear viscoelastié characterisation, it can‘be

N, E
shown that a stress pulse, which is propagatedAin a material with
"

these properties, will have the features of attenuation (e~9X) ang

dispersion such that (Kolsky, 1960); ‘

. 4!
%
a = ::—vtan s ; € = Ql-zp-ﬁ} sec §/2

2

where o = attenuation, ¢ = wave speed. Both ¢ and a are frequency
dependent since both E* and § are functions of frequency.

5.5.2 Experimental arrangement

An indication of the exfent of the attenuation and dispersion
of the bullet pulse was observed by bonding a semiconductor strain
~gauge onto the surface of a long axial fibre bar; the gauge was
éositioned in the centre of the bar so that successive reflections
of cﬁmpressiﬁe and tensile puISes could be recorded over a long
time. A semiconductor gauge was uséd, witﬁ a gduge factor of about
125, so that the strain response of the axial fibres could be
recorded without a high noise content. The principle of operation
is the piezoresistive effect, which is defined as the change in
electrical resistivity with applied stress. The number of carriers
and their average mobility are dependent on the stress, and a
large effect can be produced in certain semiconductors so that
a large gauge factbr is introduced into the gauge response. A
constant current supply was provided for’: the gauge, and the signal

was recorded on an oscilloscope. A commercial strain gauge cement

was used to secure the gauge to the surface of the bar.
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fypical records are shown in figure 5.7; a range of sweep
times and vertical aﬁplifications are used, and it can be seen that
there is very little attenuation or dispersion of the pdse. It should
be noted that the gauge factor in tension (shown as a negative signal
on the photpgraphs)-is about =115 at these strain levels. The
propagation speed for all parts of the pulse (i.e. all frequengy
components) is effec;}vely constant, at B.75 5_0.03 km/s, calculated
from the times at which successive pulses pass the gauge position
{(in the centre of a bar 32.5 cm long). This value of wave speed
compares favourably with the values given in tables 2 and 3 for
axial fibre 60% bars.

An indication of the amplitude of the aftenuation coefficient
a for axial fibre and chordal fibre bars can be found by using the
relation a = g- tan 4/2 and the damping coefficients measured
in the vibrating rod experiment. Thus for the axial fibre bar,
@ =2 x 1073 n"! and for the chordal fibre bar ¢ = 8 x 1072 m~},
These values indicate the small attenuation present for stress

pulses in these fibre composites, at the frequencies used in the

vibrating rod experiments.



FIG.5:7 STRAIN GAUGE ON AXIAL BAR
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5.6 DISCUSSION OF RESULTS

In an isotropic material, described by only two elastic

constants, the longitudinal infinite medium velocity c] is

~given by:
_ E (1 - V)
t = Q) TEha -
where E = Young's modulus_ -
A
Y = Poisson's ratio
h]
g = density

The bar velocity ¢, given from the simple bar propagation
theory which ignores dispersive effects is given by c% =.(§5.

If the assumption of an infinite mediuﬁ was correct for
the ultrasonic pulse propagation experiments; then c¢1 should be
measured from these results, whereas the vibrating rod experiments
should both give the bar velocity ¢,.

The ratic of these two velocities is a measure of the Poisscon's

ratio for the material;

. eT _ (1 -9
since E’E‘ LA Na-2v

Hence for the axial unidirectional fibre composite bars, a
Poisson's ratio can be calculated from thé resuits. This ratio
expresses thercoupling between compressions of the c&mposite in
the fibre direction and extensions in the transverse or radial
direction, and assumes there is transverse isotropy i.e. no
directionality of properties in a plane pefpendicular to the fibre
axis. Thus from the results, %;- =+ 1.12 for axial fibre 52% bars

°
and the positive solution for ¥ & 0.22.
From the results shown in table 2, it can be seen that the

vibrating rod experiments gave results close to the bar velocity c,

calculated from the conventional static law of mixtures:
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EfVi + En(l - Vf) i_\_ EfVFE )i
PEVE + pm(1l - Vg) pPEVE + pm(l - Vg)

ie. ¢, = |

with the values:

Em = matri# modulus = 4 GN/m2

Ef = fibre modulus = 190 GN/m2

pg =  fibre density = 1.78 x 103 kgm/m3.
P = - matrix density‘f 1.24 x» 103 kgm/m3

and Vi was approximately 52% fibre volume fraction.
\

Thus the law of mixtures appears to be a valid expression for
calcukting average dynamic properties in the fibre direction. In
the case of the 43% fibre content block, a simiiar calculation using
the value of cj from the ultrasonic pulse ekpériment and a value for
¢, from the law of mixtures gave a "Poisson's ratio" of 0.21.

These approximate expressions cannot be used for the
properties across the fibres (as in a chordal fibre bar} because
the condition of tansverse isotropy is incorrect, and no simple
expression analogous to the law of mixtures is available.

Moreover there are’two transverse "Poisson's ratio" coupling
factors in the case of.chordal fibre bars.

The values of wave velocity obtained by measuring wave
propagation transit times with the quartz crystals are about 2% lower
than the expected values from the law of mixtures and thé similar
experiment using the displacements of a shutter and the endface of
the composite bar. This discrepancy could be accounted for by the
systematic error of identifying the start of each displacement signal,
as these signals had an initial portion of lower amplitude than the
crystal stress signals. A large error in measuring the transit time
for propagation in the axial fibre bars was thus assumed in the case

of the displacemént experiment, and so less reliability could be

placed on thesé results. For the chordal fibre and perspex bars,

96
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the pfoportional error was much sﬁaller, since the propagation time
was -longer for these materials. It is possible, however,.that the
law of mixtures assumption is not wlid for the high stress levels
which werepropagated in the experiment with crystal recording.

The wvibrating rod and ultrasonic pulse experiments both involved

very low stress levels so tbat any amplitude dispersion of £he_stress

) 2
pulse would not be evident in these experiments.

b .

The short specimen dynamic stress-strain curve for the axial
52% fibre bars was shown in figure 4.8. There is a continuous
change in the slope of this cur§e over the stress and strain range,
so that no definite wave speed could be identified from the curve.
The long bar experiment indicated, howeveg, that the wave speed
should be équivalent to the law of mixtures modulus (100 GN/m2
for the 52% fibre bars). Further consideration of the validity of
the short specimen results is given in Chapter 7.

Other work on pulse propagation includes Tauchert and
Gﬁzelsu {(1972), who have used the ultrasonic technique to investigate
the Aispersive behavioﬁr of plane waves in a boron-epoxy composite.
Longitudinal waves showed dispersion above 5 MH%, at which the
wave length ih the epoxy matrix was of the order of the fibre
diameter. The dispersion was caused by the hetereocgeneous structure
of the composite, and tetragonal symmetry was assumed. Nine
independent elastic constants could then be determined.

Nevill, Sierakowski, Ross and Jones (1972) have reported
experiments on wave propagation in steel wire epoxy composites,
where the wave was initiated in a long bar of the material by
impact with a steel striker. The wave speeds were found to be
accurately predidted from a law of mixtures relation using the properties

of the separate components, and lower stress amplitudes were found

to propagate at higher speeds.



CHAPTER 6  EXAMINATION OF FRACTURE SURFACES
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6.1 MACROSCOPIC BEHAVIOUR

Fractures and sﬁecimen failure have occurred in several of the
specimen types tested in the split bar arrangement. The first
sign of fracture was always given by a crack which appeared on the
flat endfaces of the specimen. This aack would appear at the second
or third shot with a chorda}l fibre specimen, and after two or N
three more shots it wguld extend around the spécimen, eventually
causing the specimen to break into two almost equal parts.
Figure 6.1 shows a crack on the curved éurface of a chordal fibre
specimen. ‘ .

There are several distinct failure modés present in the
broken specimens, and these modes can be seen with a visual
inspection of the fracture surface, Figure 6.2 is a schematic
representation of possible crack sites in relation to the specimen
lay-up and the direction of the impact loading. For the axial 0/90
chordal specimens, with half the fibres running parallel to the ‘
loading direction and half perpendicular to the loading direction,
there are two independéﬁt failure types. At sites labelled A,
cracks can be initiated between the unidirecticnal layers of a
0.010" layer,.this layer being made up of two laminates 0.005"
thick. fhis mode Qf failure initiation is independent of the fibre
lay-up of the rest of the speciméns, and also occurs in the
unidirectional chordal specimens. At sites B, cracks can start
between alternate 0/90 layers. This mode appears to be dominant
in the 0/90 specimen frectures, although there is some evidence
of a mixed mode failure in which a c¢rack has run along a 0/20 inter-
face and at some stage crossed between layers to run along a
unidirectional in£erface. Figure 6.3 shows this particular crack,
which had to bfeak fibres within the unidirectional layer in

order to cross between the interfaces. A further mode of failure
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in the composite, at sites C in figure 6.2, is the possibility

of breaking fibres at certain points in the structure. This

crack would then propagate across the layers of fibres causing

the composite to faill This mode does not appear to be a primary
cause 6f failure, since broken fibres have been séen in only a few

cases. The superior strength of the fibres compared‘with the matrix

. 1
w

strength seemed to ensure that primary failuré of the composite
occurred due to matri; or fibre-matrix interface filure.

Kolsky (1953) has identified fracture mechanisms in Hopkinson
bar specimens caused by the coméressive pulse being reflected in
tension. 1In more recent experiments, Berg and Rinsky (1971) have
shown by high speed photography of crack éfopagation initiated
from known sites in composite sheets that the propagation along
fibre layers was due to wave reflections of a form similar to the
mechanism proposed by Kolsky. These reflections caused crack
initiation and propagation in preference to initiation of further
cracks by erack branching at the original crack.

‘ fhe fractures'of the Hopkinson bar fibre composites had the
appearance of tensile failures caused by radial forces coupled to
the longitudinal compressive stress in the specimens during |
passage of the stress pulse. The axial unidirectional and chordal
0/90 chordal specimens were not seen to fail since these types were
more uniformly isotropic around the curved surface of the cylinder.
The axial fibre specimens were transversely isotropicr and the
chordal 0/90 chordal specimens had some measure of uniformit&
around the circumference which apparently was sufficient to maintain
an-integral specimen ;tructure. Both axial 0/90 chordal specimens
and éhordal unidirecticnal specimens were seen to fail after a
number of successive impact loadings. This observation indicated

that the large strain response in the dynamic stress-strain response
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of ch&rdal specimens was virtually all matrix strain. The fibres
stay essentially thé same shape under the impact loading, but the
matrix between the fibres is caused to strain, and thus chordal
specimens will fail in the matrix.

Assuming an infinite modulus for the fibres across the fibre

T.fqn verse

diameter, compared with the /matrix modulus, and ignoring any eékcz ue To
Poisson's ratio coupl}ng, then there is a strain magnification k
for the matrix, since the matrix must undergo an additional

strain corresponding to the holes occupied by the. fibres.

Thus k is given by: '
___a _d+2r _ 2r
k=372 © d = 1+
where r = fibre radius (= 6 um)
d = distance between fibres
a = separation of fibre centres = @ + 2r

For a hexagonal fibre arrangement in a volume fraction of 60%
r/d =~ 2, hence k = 5. This strain magnification causes a much
increasea strain in the matrix; at weakly bonded points, or where
there are voids in the structure caused by the composite moulding
process, cracks could propagate along the highly strained.and
weakened plane. The fracture behaviour of the composite is then
determined by the matrix material properties alone.

For the axial fibre specimens, in which the stress loading is
along the fibres and there is transverse isotropy arocund the
circumference of the specimen, no failures were obtained. Repeated
impact testing was carried out on an axial 60% specimen, up to the
level of fourteen impacts. Even at this high aggregate stress
loading, no visible damage was seen on the specimen. Repeated
testing on a choédal 0/90 chordal 60% specimen showed a similar
resistance to éracture, although after nine impacts, a small piece

of a laminate at the end face had chipped off. The specimen was
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still an in£egral sttucture, however, and presumably would have
@aintained this condition for a large number of successive
loadings. The stress-strain curves for both these specimen types
had the feature of a ;mall longitudinal strain for this dynamic
loading, and hence a small transverse strain coupled to this
longitudinal strain. Thus there would be less strain energ§

A E
available for any fracture processes than for the cases whereui
larger stfain is proa;ced, as iﬂ the chordal unidirectional specimens.
The ultimate compressive strength of these specimen types could well
be much higher than the stress-amplitudes which were produced by the
.bullet impact stress loading used in these experiments.

‘Under static conditions of lcading i£ has been found that
the chordal 0/90 chordal lay-up shows the largest compressive
strength, with failureoccurring by inter-laminar shear. Short
beam shear tests havé been videly used for empirical studies of the
frécture characteristics in laminated fibre composites ﬁnder static
compressive loading conditions.

The three energy ébsorbing processes in a composite structure
are plastic deformation of the matiix, fibre breakage coupled with
fibre deformétion, and fibre pull-out. The Cook~Gordon (1964)
mechanism of crack stopping by failure of a weak interface ahead
of the crack may alsc be operative in laminated composites. The
matrix material is generally thought to be more susceptible to
failure processes than the fibres, and previous work in this subject
has been directed to improvement of the matrix properties. .In
particular , the use of crosslinked epoxy resins together with a

second phase dispersion to improve impact toughness have been of

importance.
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6.2 MICROSCOPIC BEHAVIOUR

. A
- A group of photographs, figures 6.4 to 6.7 are presented to

demonstrate various microscopic failure characteristics. These
photographs were taken using a scanning electron microscope
(Cambridge "Stereoscan") and are direct views of the failed
surfaces of several specimens. The irregular topography of tq?
fracture surfaces maqg it impossible to use optical or electron
microséopy techniques, and so it was necessary to use a scanning
-electron microscope to examine the specimens. The advantages of
this methed over the conventional techniques-wére the large depth
of field and high resolution obtained, and ihe facility to
observe the surfaces without the inconvenience of making a replica.
A thin coating of a conductive material, such as a gold-palladium
alloy, was evaporated onto the fracture surface to assist in the
conduction of primary, absorbed electrons from the surface. . This
layer was about 40 nm thic#, and was produced by vacuum deposition.

All the specimens which had failed broke into two similar
pieces, with the fract;re surface lying along the axis of fhe
cylinder. The fracture surface photographs showed that failure had
occurred at (or indistinguishably near) the fibre-matrix interface.
This type of failure was characterised by a fracture surface which
exhibited (i} large areas of exposed fibre material with little
or no bonded matrix material, (ii) thin cracks between the fibre and
matrix parallel to the line of the fibres and the fracture surface,
(iii) clear "mould" marks in the epoxy resin where the fibres have
been removed. These marks reproduced the fibre éu?face, and did
not have the usual features of cohesive failure in a polymer.

Figure 6.4(%) and (b) show general views of the surfaces for 60%
axial 0/90 chérdal and unidirectional chordal specimens. Clean fibres,
lumps of resin debris and some short lengths of broken fibres are

visible.
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FIG.650) x 2200

FIG.6:5(b) x 2000



FIG.6:6(c) x900O

FIG.6-6(b) x1400



FIG.67(d) x9|0

FIG.67(b) x900O
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figure 6.5(a) and (b) are closer views of the axial/chordal
specimen showing‘thé resin debris between the fibres. Striations
on the fibre surface are evident, caused by uneven flow in the
egtrusion process. The fibre-matrix interface has been the region
of failure, and the fibres have been almost cleaned of matrix
material. 'A similar picture has been seen on the other surface of
the broken specimen, go that the matrix material seems to have
disappéared completely.

Figure 6.6(a) shows a region of an axial/chordal specimen in
which part of the upper layer has been ‘torn qwéy to expose a .
perpendicular layer below. The 0/90 interléminate failure has left
little resin material on the lower area of fib;es, but in between
these fibres there are lumps of resin which may be bonding the fibres
together. The failure in the upper layer between unidirectional fibres
has again been caused by a fibre-matrix failure. The mould marks of
several fibres can be seen in the matrix remains on the upper layer.

Figure 6.6(b).shov5 a larger regicn of resin debris and an
area of torn resin. The exposed fibres have been cleaned of resin
as before.

Figure 6.7(a) and (b) show the surface of a chordal 50% fibre
specimen, and the fibres are seen to be less rigidly held. This
lower yolume fraction specimen contains large regions where the
matrix has disappeared, allowing the fibres to hove a little ofit of
alignment after the failure occurred, perhaps during handling before
photography. Some broken fibres are visible, and this indicates
that a considerable radial loading has taken place, both along and
across the fibre direction. The torn line of resin to the right in
figure 6.7(b) is evidence of a crack in the resin itself.

The fracture surface of one of the chordal fibre long bars

which broke into two pieces, as described in Chapter 5, was also

[}



examined with the Stereoscan. This fracture was a tensile break

caused by the stress wave reflected from the free end of the bar
Which produced ‘a tensile loaéing greater than the tensile strength
of the material. The break was seen to be very similar to those
chordal fracture surfaces in figure 6.7 (a) and (b) for the

Hopkinson bar specimens; qpat ig few breoken fibres and several

D
—

lumps of matrix material left as debris. This appearance was
h ]

assumed to be that of a fibre-matrix interface failure in tension.
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6.3 GENERAL CONSIDERATIONS

The complex stfess situation caused by successive reflections
within the spec¢imen will lead to different regions of the
specimen being subject to compressive and/or tensile stresses at
varying times during the passage of the pulse. The radial inertia
loading will also complicate the behaviour of those specimens with
-transverse anisotropy: It is possible that sﬁme parts of the
sPecimén will start to fail or crack due to a compressive loading
and then fail subsequently due.to a tensile loading. With
repgated .impact loading, further cracks will be caused within the
specimen, and there may be the situation of many bonds being broken
at each loading, and at some aggregate level of stress loading,
sufficient fibre-matrix bonds are broken to ensure that the specimen
fails completely.

The stress—-strain cycle undergone by a chordal specimen indicates .
that some strain energy in the incident compression pulse may be
absorbed by the specimen, although no plastic strain is cbserved.

This shain energy may ge dissipated as a temperature rise in localised
- regions which would affect the material bonding, or it may contribute
directly to £he crack propagation. The strain energy released in

this way is balanced by the surface energy of the newly created
fracture surfaces on each side of the crack. (Griffith, 1920).
Fractures in a brittle material such.as the epoxy resin used in the
fibre composites are usually caused by stress concentation at the tip - -
of an advancing crack, assuming that a microcrack or socme other ”
defect is present to initiate the process. When thé applied teﬁsile
stress is greater than a static fracture stress, the crack will

grow at the crack tip velocity (up to lkm/s). At a larger applied
stress level,.more microcracks become susceptib;e to failure and

all cracks are accelerated by the greater force on the crack tip,



provided that it is energetically favourable fo do so. Thermal
fatigue centres produced during the moulding and curing cycles
by unequal heatiné and cooling of the fibre and matrix could
induce stress considerations which contribute to crack initiation
wﬁen a stress is applied.

Under high rates of compressive loading, even isotropic
N -~

elastic and ductile materials suffer inhomogenéous flow because

\
some micro-areas flow more easily than others. The HR4C matrix
material used in these composites consists of two phases, the
epoxy resin base and also a diséersed phase of po1ysulphone. It is
the ?esin lumps which are seen on the fibre sﬁrface in many of the
fracture photographs, while the polysulphone has been separated and
apparently hés disappeared. In other areas, a network of holes
similar to a honeycomb structure shows where these lumps have been
pulled away, to leave the polysulphcone intact. Any cracks
pPropagating in the two phase matrix are thought to branch around
the dispersed lumps which reduce the stress concentration at the
crack tip. )

In the case of the low fibre cgnteﬂt specimens, in which there
are large regions of matrix, as the stress becomes tensile there
will be stress concentrations in the resin and fracture could occur
ﬁefore the total strain in transverse tension has reached the value
required to produce failure in a static tensile test; combined
with strain magnification due to the presence of the ﬁibres in
chordal specimens, then failure becomes a likely process.

No failures of'axial .unidirectional nor chordal 0/90 chordal
specimens were obtained. The chordal/chordal specimen can be
considered as a dstrong“ laminate structure for the one dimensiocnal

stress loading across the fibres. The RB211 fan blade would have

been fabricated using 0/90 layers of fibre composite, the fibre
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laminates running alternately along and a&cross the blade,

The strength
involved in this EOnsgruction would inhibit any failure occurring
due to this component. The longitudinal impact component acts on
tﬁe axial 0/90 chordal type of lay up, which would react with a

different failure mechanism, The familiar "delamination" fan blade
~ -
W

failure observed in the simulated impact tests can be directly
~

reled to this type of failure seen in the photographs of axial

0/90 chordal specimens.

A.J. Barker (1971) invéstigated the Charpy notched impact
strength of carbon fibre ccmposites over a iahge_of temperatures
above and below the glass transition temperature (Tg) of the epoxy
resin matrix; Stereoscan observations of the fracture surfaces,
together with the Charpy impact data, gave information about the
mechanisms contrelling material failure. Below the resin Tg, the
énergy absorbed in fracture was.dependent on whether the material
failed preédminant}y in compression or tension. Long fibre pull-
out was associated witﬁ a fibre-matrix interface failure in tension,
whereés a non-fibrous fracture surfacé was associated with the

buckling failure of fibres in compression at the fibre-matrix

interface.
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7.1 STRAIN GAUGE AND QUARTZ CRYSTAL COMBINED

7.1.1 Experimental arrangement

The anisotropic nature of the carbon fibre specimens indicated
that a complex strain distribution might exist in these specimens
during the dynamic loading. A fuller instrumentation of the specimen
was therefore carried out in an attempt to obtain more precise
details of the dynamic response. The method was to bond a strain
vgauge';o the outer surface of a specimen close to the front
interface, in order to measure the strain response of the material,
and to bond a quartz crystal on the steel bar immediately adjacent
to the specimen to measure the strgss applied to the material.

The stress and strain were measured independently by these
electrical means, in contrast with the mechanical shutter technique.
Figure 7.1 indicates the position of the strain gauge on a

specimeﬁ. The s£rain recorded by this gauge was the surface
strain, which was assumed to be eguivalent to the axial specimen
st;éin. The gauges used were Philips etched foil type, temperature
compensated for a stainless steel surface, with a guaranteed
linearity of + 1% up to a strain of 1%. The équges were glued

to each specimen surface with Philips PR9246 strain gauge cement,
a.two component éolyester mixture, which required a curing time
of one hour at 20°C with an applied pressure of 1 kgm/cmz,

followed by a hardening time of about 24 hours at 20°C. This
preparation was recommended for measurements of strain under
dynamic conditions. The quartz crystals were in the form of discs,
0.5 m or 1 mm thiék, bonded onto the end of the front steel
.pressure bar using the CIBA cement X83/483 (a one-phase conductive
epoxXy adhesive,-requiring a cure of 2-3 hours at 140°C); All the
sﬁrfaces which were used in a bonding proéess were prepared by

cleaning with a universal solvent.



FIG.7-1 STRAIN GAUGE on the SPECIMEN
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' The stress recording circuit is shown in figure 5.1, and
figure 7.1 shows the constant current supply for the strain gauge.
Satisfactory records free from pick up were obtained only after

taking earthing precautions involving an electrical earth to the

pressure bars and surrounding the specimen with a wire mesh screen.

Without these precautions, the current output from the crystal
transducer adversel% affected the strain gapée records causing
noise” and random oscillations.‘

The gauge signals were bgtween 3 and 20 mV, and the maximum
amplification range of the oscilloscope was required to suitably
display these voltages. It was also imporfant that the usual
setting up procedures for aligning: the specimen/bar interfaces
were observed.

Watson (1970) used a similar combined measuring technique °
in experiments on iron alloys; Wasley, Hoge and Cast {(1969) used
crystals next to the specimen at each interface together with

strain gauges positioned on the front and back pressure bars.

~

7.1.2 Unidirectional axial specimens

For all the axial fibre specimens examinéd; the crystal
transducer étress records were satisfactory, but it was not
possible to make measurements from the etched foil gauge records;
These strain signals were rather noisy and had spurious
oscillations which could not be reduced by improving the
electrical circuit. In some cases there appeared to be a tensile
strain, which would indicate a peculiar gauge behaviour. For

axial fibre specimens, only a very small strain was expected,

(about 0.1%) corresponding to a 3 - 4 mV signal, and any electrical

noise present would contribute quite significantly in this range.
However, the noise content should not completely mask the strain

signal, and it was thought that the surface conditions of these
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specimens were not suitable for transmitting the strain response
to the strain gauge. Any non-uniformity in the specimen.surface
due to its fibroﬁs nature would cause misleading signals to appear
in the gauge record, and this appeared to be the case for these
5xia1 fibre specimens. From these records it was not possible

to estimate any stress-strain hehaviour for the axial specimens.
N -\
A%
7.1.3 Unidirectional and crossplied chordal specimens

]

More success was obtaiﬁed with +the chordal fibre specimens;
it was possible to identify the stress and strain responses for a
few specimen types. A typical'polaroig record is shown in
figure 7.2(a) for a chordal 0/90 chordal 60% specimen.

The records of stress and strain both have various oscillations
superimposed on the usual pulse sﬂape. If these oscillations
represent the real behaviour, then this technique appears to provide
more detail of the material response, in coptrast with the shutter
technique which could average out the response only over the
specimen length. The gauge was positioned so that it covered
an area of the crosspiy layers over both the ends and sides of the
chordal fibres in this specimen lay-up.

The fifst peak in stress at 10 ﬁs does not correspond with
the first peak in strain {(at 14 ﬁs): However; the strain appears
to start about 5.ﬁs after the stress, which suggests that the
strain is delayed with respect to the stress due to the distance of
5 mm between the strain gauge and the quarfz crystal! This
indicates that the stress pulse propagates at about 1 mm/us in the
material, and reaéhes the gauge 5 ﬁs after passing the quartz
crystal. This propagation speed is a little lower than the (E/p)i .
value for the resin material (about 1.4 mm/ﬁs), but no definite

conclusions could be made regarding the form of the chordal fibre

wave speed.
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FIG.7-2 QUARTZ CRYSTAL &
ETCHED FOIL STRAIN GAUGE
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:After a time of about 15 ps the reflections from the back
interface return to the strain gauge position, and these-
reflections tend to distort the initial shapes of the stress and
sttain records. ‘However, by averaging out the smaller oscillations
in both stress and strain records, and shifting the strain record
by 5 ﬁs so that it coinci@gd with the start of the stress record,

W

a stress-strain diagram can be drawn for the chordal/chordal
Al .

specimen. The first part of the response up to 30 ﬁs is shown in
figure 7.3, together with the stress-strain curve calculated
using the shutter displacement technigue.

The shutter method averaged the strain over the whole specimen
length of 12.7 mm, whereas the str;inigpge recorded over about
2.5 mm; in this way the strain gauge reproduced more exactly the
actual specimen strain,in that small region. The strain calculated
from the shutter method had apparently underestimated the actual
strain in the specimen b§ up to 10% at 10 ps after the pulse start.
A comparison of t@e stress obtained from crystal measurements at
front and back interféces with the record obtained from the shutter
dsplacement is shown in figure 7.4;' The inifial stress calculated
from the back shutter displacement is greater than the average

crystal stress for this axial unidirectional 60% specimen, whereas

the peak shutter stress is less than the crystal stress. Thus the

initial stress-strain curve obtained from the combined crystal stress

and strain gauge records lies below the curve calculated from the
shutter technique. Because of the difficulties involved with
identifying the nature of the many oscillations of the combined
recordings in terms of successive reflections within the specimen,
measurements using the combined technigue were not attempted for

all the specimen types.
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.Figure 7.2(b) shows the rather noisy signéls for an annealed
aluninium polycrystalline specimen. Even this isotropic material
produced rapid fluctuations in both stress and strain records,
together with a short delay of about 3 us between the start of each
record. The maximum (or permanent} strain was about 0.48%, which
.compared favourably with the cbserved 0.5% plastic deformatiog of
the specimen after t?e shot. A complex stress situation at the front
interféée was again indicated by the crystal record.

The.detailed stress and s;rain behaviour shown in this combined
method appeared to be somewhat different from the behaviour
observed in the shutter displacement method. The response of the
strain gauge cement in adequately transmitting the surface strain
to the strain gauge is a critical factor in these experiments.

If the cement behaved non-linearly for any part of the dynamic
loading, then the gauge signal 'would be in error; for e#ample

if thé cement floﬁed in a viscous manner during transmission of
the_pulse then any increased strain shown by the gauge may not be a
local material effect‘but a feature of the dynamic behaviour of

the cement. Bell (1966) has made this coﬁmené about strain gauge
work, and his experiments indicated that the actual local strain
(measured by a diffraction grating over 0.001") was less than the
average specimen strain calculated from strain gauges at positions
as in figure 2.1.

Thus it was felt that the shutter method provided a better
average measure of the specimen stress and strain because any
rapid oscillations were smoothed out by the shutter motion and the
average strain response over the whole 0.5" specimen length
could be measuréd. This was especially so for the axial fibre
séecimens which were transversely isotroﬁic and had a more uniform

strain distribution within the specimen length than the chordal

fibre specimens.
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7.2 CRYSTALS AT FRONT AND BACK INTERFACES

Several experiments were carried out using a quartz crystal
situated at both fropt and back interfaces in order to determine
the stress-time response at these positions during the dynamic loading,
The crystals were bonded onto the incident and transmitter pressure
bars, as described in secE}on 7.1.1, and the stress-time S@nal was

.__,

recorded for a numbgf of experimental conditions. Typical records
for tﬁé front and back crystals; are shown in figures 7.2(c) and
7.10.

The front crystal provided the history of the net stress

pulse incident on the specimen, and hence can be expressed as:

F4 =3 +§5 =9 -3
front ~ °1 " °R b R
: + L3 - . .
where Op = incident eompressive stress (+ve)
<« . - >
Op = reflected tensile stress (-ve) = - On

At the back interface, the crystal provided the history of

the stress pulse transmitted through the specimen:

o back T
> T '
where Op = transmitted compressive stress {tve).

" When the stresses on both faces of the specimen are approximately

i "\
equivalent, Gfront Gback

e -> -
hence o, OR O

From the records shown in figure 7.10(a), the stresses are
approximately equal, allowing for a short propagation time across
the specimen. This stress equivalence can be seen more clearly
ip figure 7.5 in which the front and back crystallrecords for an
axial and a chordal unidirectional 60% specimen of length 0.25" are
plotted.

It was not - possible for the crystal records to provide a

direct measure of the strain in the specimen since this would reguire

a particle displacement referred to a laboratory coordinate system.
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This condition is not the case for the front crystal stress record,
since the reflected stress subtracts from the incident stress,

and the time intégral of the net front stress is not then equivalent
to the actual particie displacement at the front interface. The
éhutter displacement Ufront is a true representation of the particle

displacement at the interface, since

e )
U = U.+0 ' . ®
f¥ont I <R
. 1 [ > -
. . = — + dc!
_Ufront (pc) ° (UI cR)

The light beam for the optical-shutter displacement measurement
is an absoluée reference coordinate, igdependent of the motiop at
the specimen/pressure bar interface.

These crystal stress records were uséd for comparisons with

records obtained at 150°C, as outlined in the next section.
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7.3 -DYNAMIC STRESS RESPONSE AT 150°C

7.3.1 Experimental arrangement

Under operating eonditions, such as in an aero engine, a
composite material may be required to withétand a temperature of
over 100°C. It is known that there are significant changes in
resin behaviour at the glass transition temperature (Tq);
for example, the surface hardness of HR4C resin falls abruptly at
this éemperature (135°C). For cured polymer systems, a temperature
increase may be equivalent to a wider range of viscous relaxation
times.

-

A series of tests was carried out in thch the specimen and
adjacent bars were surrounded by a-small furnace; which provided
a uniform temperature of about 150°C. A copper/constantan thermo-
couple was used to measure this temperature at the specimen;

The furnace blocked the path of the light beam; so the alternative
method of two gquartz crystals placed between the specimens and the
front and back pressure bars was used.to record the stress. The
recording circuits we;eidentical with those used in the previous
crystal experiments, but no measure of strain.was made as the
behaviour of the strain gauge cement at 150°C was unknown.

Crystal records ¢of the stress at the front and back interfaces
are shown in figure 7.10(a) and (b) for the specimen at room
temperature (20°C) and at 150°C. Figure 7;6 shows the crystal
. stress—v-time records & the two temperatures for axial unidirectional
60% fibre specimens. Similar graphs for chordal unidirectional
60% specimens are shown in figure 7.7; for axial unidirectional

30% specimens in figure 7.8, and for chordal 0/90 chordal 60%

specimens in figure 7.9.
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FIG., 77 CRYSTAL STRESS - CHORDAL uni 60%
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FIG. 8 CRYSTAL STRESS - Axial uni 30%
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FIG.7-10 CRYSTAL STRESS RECORDING

SWEEP RATE 10ps/cm |

(a\ Front Crystal yd

Axial Uni 60,
20°C

GAINS IV/em
Back Crystol/

s,
h T
+er e,

{b) As(a) 150°C

(<)
Chordal Uni 607%
20°C

e
......

(d) As (c) 150°C

GAINS 0-6V/cm




116

7.3.2 Discussion of crystal stress results

The time diffefence between the start of the front and back
stress records gave an indication of the propagation time across
the 0.5" length of the specimen. This time difference at 150°C
can be compared with that seen at room temperature, as in ;able 4.

At least iwo useful recordg were obtained for each of six specimen

types and it is seen\that in every case the propagation time has

been increased by increasing the specimen temperature from 20°C to 150°C.
This effect can be attributed to the viscoelastic characteristic

of the resin material. .

At a high temperature, the resin binding influence on the
fibres by maintaining dimensional stability is reduced since the
resin viscosity has decreased. Thus the composite tends to act as
a bundle of fibres which is less rigidly held together than at
room temperature. To describe the physical behaviour of the composite-
in viscoelastic terms is a very complicated problem; the
interaction of the fibres, assumed to behave elastically, with
the viscoelastic resig has not yet bheen treated analytically.

The increased propagation time is thought to arise because
the effectivé dynamic modulus of the composite is reduced, and
hence the propagation speed for stress waves is also reduced. Aas
the volume fraction of fibre is reduced, then the propagation time
increases, due to the increased contribution to the effective modulus
from the viscous resin. The "most viscoelastic" case is for
30% fibres with the fibres in the chordal direction-- in which the
fibres contribute least to the composite stiffness. This case does
show the largest change in propagation time. The "least viscoelastic"
case is thatof 66% axi;l fibre specimens, and these show the least
propagation times, and also the smallest change in propagation time

as the temperature is increased.



propagation times

TABLE 4 2 -Crystal

Specimen type Time

20°C 150°C
Axial uni 60% 4 5-6
Chordal uni 60% 5-6 10-11
Axial uni 30% 4-5 9-10
Chordal uni 30% 8-9 14
Axial/chordal 60 5.6 6-7
Chordal/chordal 600/9 5 8




:It was also possible_to compare the stresé-pulse shapes for
both front and back crystals at the two temperatures. All the
stress.records obtained from the quartz crystals were subject to
oscillations of perieds varying from 3 - 10 ps, superimposed onto
the pulse shape.

One cause of these osgillations may have been the changg;in
crystal size as the gulse passed due to gecmetrical dispersion in
the bar sysﬁem. Any small misalignment of the crystal/specimen
interface would also cause spu;ious oscillations in the stress.
record due to waves passing across the crystal. An estimate of
the dominant frequency of Pochhammer-chree.oscillations, using
Kelvin's method of stationary phase as outlined by Davies (1948),
showed that oscillations of period 8 us would occur. These
oscillations would have a small amplitude, however, and would be
expected towards the end of the pulse.

In genexal, for all six specimen types examined, the higher
temperature caused fhe stress pulse to be elongated, and the
maximum stresses reacﬁed were reduced. This would imply that the
acoustic impedance of the specimen was reduced.at the higher temp-
erature, sinée there WOuld then be a larger pulse reflected at
the front interface, and the specimen w0ﬁld undergo a reduced
stress loading. The net stress at the front interface was the
difference between the incident stress and the reflected stress,
and this net stress corresponded to the transmitted stress in the
specimen, The net stress at the back interface also corresponded
to the stress in the specimen which was transmitted into the back
pressure bar. Fﬁr large impedance mismatches, as with the chordal

specimens, a small net stress was recorded at each interface.

The changes in stress loading can be seen in the figures 7.6 to 7.9.
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The features of the stress records at 150°C indicated that
the oscillations were smogthed out, and in some cases a very small
stress amplitudeAwas transmitted into the specimen. No evidence
of any fracture behaviour was seen in the elevated temperature
ekperiments, and insufficient results were obtained to investigate

any fracture behaviour with repeated impacts.
X

The increased propaéation times at 150°C indicate that tﬁe
effective composite ;oduli have been significantly reduced.
For example in the case of chordal unidirectional 30% specimens,
the wave speed falls by a factér of 1.6, so that the modulus at
150°C is less than that at 20°C by a factor of 2.5, This implies
that a considerable change has occurred in the nature of the

response, in such a way that the material properties become more

dependent on the matrix properties rather than the fibre properties,
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7.4 LONG BAR EXPERIMENT WITH STRAIN GAUGE RECORDING

7.4,1 Experimental observations

The effects of a pulse propagating in a long axial fibre
bar were investigated by modifying the arangement which was
described in section 5.2 to include a measurement of the sqrface
strain near the joint betwgen the two fibre bars. A semiconductor
strain gauge was useé for this purpose, because the signal
sensiﬁivity available ‘with these gauges was in the region of
300 volts/strain with an allowgble noise content at 10 ﬁe of
1, 200 ppm, whereas the etched foil strain gauées which were used
earlier had a sensitivity of 120 Volts/stréin and a noise content
at 10 ue of 40 ppm. It was possible to obtain good signals for
the surface strain in the axial bars by using the semiconductor
_gauges, and the only disadvantages with these gauges were the
high cost and the additional care required.when bonding the gauges
to the bar surface,

Several recordings were made of the surface strain together
with the crystal stre;s at the joint between the bars; The gauges
were. positioned with -their centres approximately 6 - 8 mm from
the bar joint, and all the gauges used were of length 8 mm.
Commercial strain gauge cement was used to bond the gauges,
together with the CIBA conductive epoxy adhesive to bond the
crystals in the joint between the two bars. As in the previous
work, the crystal joint was broken when the réflected tensile
wave in the second bar reached the joint position. High velocity
Bullets were used in these experiments so that a large stress
amplitude was a;ailable.

Typical reeords a?e shown in figure 7.11(a) and (b).

The axial fibfe bar (figure 7.11(a)) produced a peak crystal stress

of 220 MN/mz, and a peak strain of 1.1 x 10_3.at about 10 us
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aftef the pulse start., The chordal fibre bar ﬁnderwent a much
smaller stress loading, about 60 MN/m2 at the peak, with a
correspanding peak strain of 5 x 10-3 at about 18 pus after the
pulse start. The differences in maximum stress loading were
caused by the different acoustic impedances between the‘fibre

composite bars and the input steel pressure bar. A larger .

reflected wave in thg steel bar was produced in the case of a
chordéi fibre specimen bar, which was then loaded by a smaller
transmitted wave than the axial fibre bar. In both cases the
pulse duration was aboutqcnm, after which time the tensile wave
reflected from the far end of the fibre specimen bar arrived

at the crystal joint and no further signal was obtained, as the
crystal was broken up.

The two jointed sections of the choraal fibre bar ulsoc broke
up into several short pieces during the reflected tenéile-
loading, in the manner of a Hopkinson fracture described earlier
in section 5.2, .
The strain gauge signais obtained from the semiconductor
_gauges were in the region O.l.to 0.3 volts, ana , as can be seen
from the phqsgraphs, these signals were relatively noise free
compared with the signals from etched foil gauges. Nevertheless,
some large - amplitude oscillations were present, and it was thought
that these were caused by the gauge responding to torsional and
flexural modes in the pulse. The gauge was enclosed by the cement
bond, and hence acted effectively as a short beam "floating"” in
the cement. Any non-uniform distribution of stress in the cement
would cause bending of the gauge during the passage of the

longitudinal pulse.
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7.4.2 Strain response in short specimens

The longitudinal stress and strain pulses were recorded at
essentially the same gauge position in these long bar experiments,
so that it was possible to construct stress-strain diagrams
for the axial fibre material (V§ = 55%) and for the chordal fibre
material (Vg = 60%). The gtrain-time record was shifted by 1:us
{axial bar} or 4 ps(ghordal bar} to allow for the short distance
between the gauge position and the crystal, It was found that
the maximum strain measured in_this experiment for the axial
fibre bars was only about 40% of the strain obtained from the
shutter displacement technique with short d.5“ and 0.25" specimens;
whgreas the stress levels were approximately the same;

A further experiment was carried out therefore, in which
the end portion of an axial fibre bar was machined off into a short
specimen of length 0.6" (15.19 mm), care beiﬁg taken not to damage
the semiconductor strain gauge attached to this portion. The
ends of this specimen were carefully polished and prepared as
for the previous shorg specimen experiments; a high velocity
bullet pulse was then used to load the specimeﬁ in a split pressure
bar arrapgemént. Crystal stress and semiconductor strain gauge
measurements of the specimen behavicur were then possible; with
a typical record shown in figure 7.11(c). The maximum strain
reached was nearly 2.3 times the strain recorded in the long bar
pulse propagation experiment with the identical material and strain
~gauge. The two strain pulses are directly compdred in figure 7;12;
The crystal stress signals were of the same order, with maximum
stresses in the %egion 210 to 230 MN/mz;

A comparisoﬁ of the strain pulses obtained from the chordal
fibre long bar experiment, and from an etched foil strain gauge on

a short chordal specimen (Vgf ~ 60%)} is shown in figure 7.13.
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Iniﬁially the strain were quite similar, and the long bar strain
maximum was over 5 x 10_3 , compared with a maximum strain of about
8 x 10-3 in the éhort; specimen experiment,

It is evident that there is a significant difference in the
stress~strain behaviour of an axial fibre composite in the

experimental configurations of long bacs and short specimens, whereas

the behaviour is not‘so different for chordal fibre composites.
Eigureé 7.14 and 7.15 show respectively the stress-strain curves
for axial fibre and chordal fibre specimens using the long bar
stress and strain results, and the short specimen stress and
strain resulté with crystal and strain gauge instrumentation
compared with the short specimen (Q.S" length) average results
using the earlier work on shutter displacements.

The stress-strain behaviour of the axial fibre long bar is
seen to be a single relation over this region of the response, with
an initial modulus of 190 GN/mz, whereas the short :sandwich axial
fiﬁre specimens show a two part behaviour, which initially follows
tﬁe large modulus of éhe long bar response. Above a stress level
of 100 MN/m2 the behaviour of both the shutter displacement
measurements'and the crystal and strain gauge measurements on
short specimens follows a different relation with a lower modulus
of 25 GN/mz. As the ma#imum stresses reached in long bar and short
specimen experiments were about the same, it appears that tﬁe
strain response of the short axial fibre specimens waé much greater

than that of a short region in a long bar of material.

7.4.3 Lateral motion

This behaviour is consistent with a local fibre buckling or
lateral movement phenomenon in the short specimen experiment,
which is not present in the behaviour of a short unbounded region

of a long axial fibre bar. The fibres in this short region are
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quite rigidly held by the remainder of the continuous lengths
of fibre on each side, whereas the fibres in the short specimen
are not restrainéd at the endfaces of the specimen.

if the fibres move laterally as a result of resin flow within
tﬁe short specimen during the stress loading, the longitudinal

compression will be increased and an apparently greater strain
N 2

Lo

reéponse will be . recorded by the shutter technique or the strain
~gauge on the specime; surface. Thus for the initial small strain,
the fibres sustain most of the load until the relaxatioﬁ effect
of the viscous resin appears aﬁd the composite undergoes a larger
strain. The specimen maintains iés original.shape, however, and
no permanent flow of the resin occurs.

The lateral motion is signifiéant after a number of reflections
have traversed the specimen, that is after a particular strain
level has been reached. A non-uniform three dimensional state of
stress and strain may have érisen in the specimen. Usually, for
isotropic materials, these three dimensional effects may be
minimized by choosing ‘the specimen geometry to allow for lateral
inertia thropgh a term involving Poisson's ratio. For fibre
composites, however, it appears that the short specimen behaviour
is not representative of the true one-dimensional behaviour. The
region of the dynémic stress-strain ration showing a reduced
modulus must be ;egérded as a misleading effect caused by the
lateral flow or buckling in axial fibre specimens.

The problem of fibre buckling has always been of importance in“
compression testing of fibre composites( Under staticlconditions,
the problem is reduced by using short specimens with a large cross-
sectional area. End effects are then eliminaed by measuring

the stress-strain curve for a range of specimen lengths, and

extrapolating the behaviour for zero end restraint. In a dynamic
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test, this is not possible because of the very nature of the

measurement involving inertial considerations and becausé of.the

cpmplications‘introduced by successive reflections in the specimen.
Rosen (1964) has considered the fibre buckling effects

under compressive loads in terms of an anaglytical model of a

column on an elastic foundation. The buckling wavelength was

found to be proportional to the fibre diameter.

7

No fibre buckling would be expected in the chordal fibre
specimens, so that the behaviour éf a short specimen shodd be
identical with that of a long bar of méterial; Figure 7.15
shows this to be the case. A larger strain is recorded here for
the short specimens because of the successive reflections within
the specimen, and there is.a correspondingly larger stress in the
specimen. These reflections cause a build up of the stain loading
in the specimen to a level greater than that undérgone by the
long bar of material, where no reflections are present during the
s£ress—strain recording. In the long bar experiment, for both
fibre direction types, the response is the material behaviour for
a dynamic stress pulse and is not complicated by any reflections.
No assumptions concerning elastic wave propagation are required;
since the stress and strain are measured by direct electrical
pheﬁomena and the experimental results can be used directly to
pfoduce a dynamic stress-strain characteristié. Watson (1970)
found that experiments on short and long specimens of Armco iron
using strain gauges on the specimens and quartz crystal stress
recording gavé identical results which could be used in a strain
rate dependent wave propagation treatment. .

" The short axial fibre specimens of lengths 0.5" and 0;25"
at 60% Vi both gave similar stress-strain graphs; It was not

possible to obtain measurements with axial fibre specimens of



a shorter length {say 0.125") because of Qifficulties

encountered in machining and polishing such thin wafer-like

specimens. An a&ditional difficulty was that these thin axial

fibre discs tended to break apart very easily during handling.
An optimum specimen length, somewhat less than 0.25",

may provide 'a specimen response which is not distorted by a
LW -
. 2
fibre buckling effect. However, consideration would have to be
“y

~given to the lateral inertia of the specimen using the Davies
and Hunter criterion, as well as any interface friction between

the specimen and pressure bars.
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8.1 GENERAL REMARKS

The dynamic behaviour of carbon fibre composites may be described
in terms of the properties of each constituent or in terms of
the bulk material response. It is the latter approach which is
followed in this chapter.

" In the pulse propagatiéh experiments with axial fibre 1Qn§ﬁ

bars, the wave speed ﬁhs given by the static law of mixtures relation,
whereas the_stress—strain response over a small region of a long
bar showed a behéﬁioqr which was rather different from the static
material properties. -Op the other hand, the Hopkinson bar involved
a three-dimensional situation with the fibre buckling or lateral
motion producing a complex strain diétribution within the short
axial fibre specimen. A non-uniforﬁ strain distribution.also
occurred in the chordal fibre specimens due to the transverse anisotropy
Vof this lay-up. Some care is necessary, then, in the interpretation
of results from the split pressure bar. |

The loading mechanism in the‘fibre direction under static
conditions is for the fibres to carry the load while the matrix
ensures equalldistribution of the load throughout the material.
During pulse propagation, however, the matrix may not have sufficient
time to distribute the load. At the loading end of a bar of material
the fibres will initially carry the load and the stress wave will
start to travel along the fibres. There is then a fibre motion
perpendicular to the loading direction at the matrix interface due
to the Poisson's ratio coupliné. Thus the matrix ipfluences the pulse
as the pulse proceeds along the fibre, and the net result of this
coupling will be a retardation - of the pulse group velocity due to
the fibre properties along, because energy is beiﬂg radiated from the
fibres into the surrounding matrix. There can be no discontinuity

~in stress or particle velocity at the fibre-matrix interface, so that



wave becomes uniform over the composite cross-section in times
corresponding to the propagation times across the fibre anﬁ maérix
layers. A sheaf stress is produced at the interface during pulse
propagation, and the size of this shear stress will depend on the
nature of the bonding between the two constituents. The pulse
speed is that speed appropriate to the average fibre content and

the bulk response cannot be distinguished in terms of the separate

.
v

components.

If there is an imperfect mechanical bond between the fibres
and matrix, as is likely in a practical situation: then the inter-
face coupling will be r;duéed and the fibres may act more
independently of the surrounding matrix. In éhe extreme case of
complete debond between fibre and matrix, in which there is no
dimgnsional stability of the composite, the response wouid be
separated into waves trayelling along the.fibres and matrix with no
interaction. This situa£ion may be approached at the temperature
of 150°C, where the‘matyix influence will be reduced since its

viscosity decreases, and the fibres will act more independently due

to the reduced binding.
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8.2 VOLUME FRACTION INFLUENCE ON RESPONSE

We now examine whether the axial fibre dynamic characéeriétics
show a volume f?action dependence for the composite modulus. -
In this analysis, the initial slope of the short specimen

dynamic response was measured. These values are plotted in
figure 8.1, which also shows™ the strains at which the response
changed to a lower modulus. For all the axial unidirectional fibre
specimegs, this lower modulus was in the region 21-25 GN/mz.
Tﬁe values given were obtained from at least four or five expe;imenté
with- each spécimen type, for which the stress-strain curves cbhtained
from shutter displacemeﬁt measurements were given in figure 4;1:
The errors aésociated with the values were calculated from the
experimental errors of the several observations.

~For the two sets of parameters-shown in figure 8.1 an
empirical relation can bg formed to express the initial meodulus
E_ and the strain €¢ at the change in modulus in terms of the fibre

oI

volume fraction Vg:-

[

Ey Ef (2vg - 1/4)

over the range of Vi used

Ceg = .1.45(1 - Vp)%
thus when V§ + 12.5%, E - 0, which implies a critical fibre volume
fraction under these dynamic cénditions. These relations express
the best straight lines through the respective points on the graph:
No significant volume fraction dependence‘was seen for the

secondary modulus and the stress at the change of modulus;

The empirical relations above indicate that the composite
behaves with a much increased stiffness over the quasi-static
behaviour. This %ncreased response is characteristic of the rate
dependence of the properties of a viscoelastic material. The fibres

are generally considered to be elastic, however, so that an apparent

viscoelastic effect may be caused by the geometric configuration



FIG. 8:-1 Volume Fraction dependence of
Axial uni_dynamic response
ERACTION | MODULUS-GN/s* - MODULUS | STRESS MNA*| STRAINX 1O”
60 e 182114 255 9825 59 13
50 % 126 £ 11 24 %4 75215 7.5 £ -4
38 % 103 %9 2245 9112 8.7%-3
30 %, 63 * 4 21%6 636 10-4 % -4
STRAIN
INITIAL AT CHANGE
J MODULUS (o) OF MODULUS
200 2 (0) x10°4
4 GN/m - !
P15 -

100%

LAW OF MIXTURES
+/ MODULUS

FIBRE

)
60

70

B8O )
VOLUME FRACTION % =



129

of fib;es embedded in a matrix, or by the matrix properties
themselves; )

The static law of mixtures is derived by assuming equal
longitudinal strains in the fibres and matrix under a condition of
plane stress parallel ;o the fibres, and neglecting any inte;action
between the constituents. This relation is indeperndent of fibre

. o
.. geometry and the fibrexdistribution. In the short specimens used
for the'gplit preésure bar, the experimental assumbtion was that
the plane stress situation in thg loading bar also produced a plane
strain .situation within the specimen. Thus an average stress-strain
response may be determined for the duration of rapid stress loading.
However, the lateral motion phenomenon in the axial fibre composites
appears to invalidate this assumption because the material response

is not then equivalent to a one-dimensional state of strain for

later times in the loading duration.
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8.3 VISCOELASTIC RESPONSE OF THE RESIN

It is well known that polymer systems in general show-a
viscoelastic behaviour - that is a time dependence is reguired in
the constitutive relation for these materials. Both thermosetting
and thermoplastic ma;terials demonstrate viscoelastic behaviour under

load, accompanied by interna% friction losses especially when

-
A

subjected to high frequency dynamic loading. The response may be
: ~
characterised as linear for a limited frequency or time domain,
but the ﬁajor deficiency in the use of dynamic data over a shoxt
time such as in the Hopkinson ba?_arises because of the lack of

an appropri;te mechanical model. If a model were available which
adequately described dynamic viscoelastic behaviour, the complex
modulus could be determined in terms of the model parameters and
thus the data from such tests as the Hopkinson bar ;ould be used

to demonstrate the validity of the model.

The HRAC matrix material used in the composites of present
interest was a crosslinked epoxy resin. However; it was not
possible to obtain any 6f this material in bulk form because of
the difficultieg involved in casting a void free test-piece and the
difficulties of handling and curing in bulk a material which was
designed to cure on a fibre surface as a relatively thin layer.

The viscous and chemical properties of this tﬂermosetting resin
in bulk form thus precluded any attempt at producing specimens for
use in the Hopkinson bar. '

As an alternative epoxy resin system, an "araldite" commercial
resin -CT200 -~ was used to provide some information on the behaviour
of epoxies at high rates of loading. CT200 is a crosslinked; single
phase, cufing resin often used for photoelastic work, and readily

available in bulk form. This material was considered to be reasonably

similar in its macroscopic properties to the HR4C epoxy resin, so that



a compé.rison of the CT200 dynamic behaviour in the Hopkinson bar
would indiéate how epoxy resins behaved in general under high rates
of lcading. The term ?rosslinked as applied to thesé materials
means thatddring the curing procegs, the long chain molecules of
the epoxy have coupled into three dimensional networks through
reactive sites (such as theigpoxide group) to foim the desiréd:)
thermoset. This chemical coupling provides a n;echanism for hol‘di_ng
A .

the lqnd chain molecules together in the polymer.

Eiéure 8.2 shows the dynamic stress—st%ain results obtained
for CT200, as well as an indication of the quasi-static behaviourj
The static modulus at small strains was quoted as 3.5 GN/m2;
This value was confirmed by measuring the ultrasonic infinite medium
velocity in a large cube of the material; These measurements were
made at 5 MHz, as described in Chapter 5. |

| It is aﬁparent from figure 8.2 that a considerable change in

the mechanical behaviour;has occurred between the quasistatic response
énd the dynamic response. The shutter displacement method was used
for this experiment (spécimen length 0.5") and no permanent deform-
ation was observed. Ogorkiewicz (1573) Bas repérted measurements on
a cast Araldife—type epoxy resin which showed that short term
loading (up to 15 mins.) produced a'linear elastic deformation

in compression and in tension. This response was shown to apply in

the region of small straing, at least up to 10 x 10-3 strain.
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8.4 CROSSPLIED FIBRE SPECIMENS

The dfnamic behaviour of the 0/90 crossplied specimens showed
certain of the characteristiés of both axial and chordal unidireéctional
types. The axial/chordal material (at 60% and 30% V¢) behaved in a
similar manner ' to the axial unidirectional material, although little
fibre buckling would have been possible in the 0/90 material since

A\
the axial layers werelfigidly bounded by an adjacent chordal layer.
The pregence of a less markéd 'secondary' modulus in the axial/
chordal response tended to conf;rm this more rigid binding. The
maximum stress levels reached in these specimens were a’ little
1oﬁer than those in the unidirectional material. This arose because
the acoustic impedances of the 0/90 specimens were less than the
unidirectional material so that a large reflected pulse and a small
transmitted pulse were produced in the experiment.

The chordal/chordal material response, however, involved a
larger acoustic impedanc; than the unidirectionél chordal material
éince_a larger specimen stress was sustained, together with a
slightly reduced maximug strain. Under static loading the chordal/
cho;dal lay-up has been found to have a high coﬁpressive strength
due to the stiffening effect of layers of material at right angles
to the loading direction. For the chordal unidirectional
material static loading has shown a relatively low compressive
strength.

The 'initial' slope of the crossplied material response from
the graphs shown in figure 4.3 indicated that both 60% and 30%
axial/chordal types had an initial modulus of 70 GN/m2 and both
chordal /chordal types had an initial modulus of about 34 GN/mz.

Thus the volume fkaction of fibres was not significant in the initial

stages of the material behaviour, whereas at later times in the

loading the 'secondary' moduli were rather different:



axial/chordal 60%° 22 GN/m2
axial/chordal 30 15 ¢
chordal/chordal 60% 10 "
ehordal/chordal _ 30 4 "
The h@gh velocity bullet loading pulse produced a stress-
strain response in the axial/chordal materiél which was similar,

A

to the standard bullét'loadipg.

Sa&érs and Harris (197;) have measured the inferlaminar shear
strength (ILS) of carbon fibre composites under impact conditions
by fecording the transient load in a drop-weight striker machine.
The impact ILS strengths were about 70% of the static values for
both unidirectional and crossplied material loaded across the
fibres (i.e. in the "chordal" direction). Theré was a steady
decrease in strength as the loading rate was increased. This
result is contrary to the conventional rate dependence of strength

in a viscoelastic material which would lead to higher strengths at

~greater rates. Sayers and Harris thought that non-uniform stresses

on the initial cracking plane produced edge stresses which caused a

premature failure., The plane loading condition used in the

Hopkinson bar would not introduce these edge effects, so that the

133

compressive dynamic behaviour of the present materials should provide

a better measure of the rate dependence in these fibre composites.
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8.5 MODEL REPRESENTATION

8.5.1 Memory function -

Kolsky (1949)‘intgrpreted his results for various plastic and’
rubber specimens in terms of the Boltzmann Superposition Principle,
in thch the viscoelastic material behaviour was considered a function
of the entire loading historg. Thus when a specimen had undérggne

. 2
a number of deformatiqns, the effect of each deformation was

N
independent of the others, sb that the behaviour could be calculated
by addiné the effects which would occur when the deformations

took place singly. .

Taylor (1946) had developed Boltzmann's o%iginal work by
considering the small changes in strain which had occurred in the
past history and summed the residual elements of stress produced
by them. Between the times t and t + 6t, the strain changes from
€ to e + ée, resulting in a change in stress 8¢ which will relax
in time. If the final value of stress at complete relaxation is
F(6e), then at time.t the residual stress is:

Sg =-_F(65) + f(t - t)de
where f is a memory function‘whbh +‘0 as t » =,

The resulfant stress is then:

‘_o = F(e) + ft_.'mf(t - t]g% .-dt

No permanent strain remains; Sﬁt there is a delayed recovery
in the material.

Kolsky used ‘a form A exp [-{(t = r)/a] for the function £f;
this supposed that the behaviour was équivalent to a three element
system of two springs in series with a dashpot connected across one
of the springs. (the "standard linear solid"); The springs obey
Hooke's law ad the dashpot obeys Newton's law of viscosity. The
function F(e) can be reduced to the simple elastic form Eg, so that'

E is then the effective modulus of the two springs in series . and
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is thé static modulus for strains which have taken place very

slowly. éalculation of A and ¢ for a particular experimerital
situation -would indicate the viscoelastic nature of the response;

{E + A) is the modulus for the spring which has no dashpot across it.

8.5.2 Static behaviour

A Mayers universal testing machine was used to measure thg}
quasistatic response qf the fibre composites. Specimens were
machined to the size 1" x 0:5" x 0.5", with the fibres running along
the largest dimension, and the ;amples were placed between the two
flat steel plattens on this machine, which was operated by an
electrohydraulic servo system. The axial ana chordal fibre directions
of the dynamic experiment were simulated by loading the static
samples along and across the fibre direction.

A ramp compressive load was applied in a time of 60 - 90s;
the maximum stress used was about 0.3 GN/m? at a strain rate of
about 3 x 10_3 é_l. The'load was measured by a strain gauge load
cell on the machine, with a read-out possible on an X-Y chart
recorder. The cross he;d displacement: equivalent to specimen
compression, was used as a feedback contreol and éirectly compared
with thé load §ommand signal. The compression was measured by a
linear voltage displacement transducer. In this way, a static loads
displacement curve was cobtained, and the static stress-strain response
could be calculated. Measurements were taken for the axial 55%
and chordal 60% composites up to specimen failure and these
results are included in figures 8.3 and 8.4. The law of mixtures
prediction for the axial direction is also shown in figure 8.3.

The problem of fibre buckling may have arisen in the axial fibre
specimens because.the sides of these specimens were unsupported in

this experiment. Thus the experimental stress-strain curve lies

somewhat below the law of mixtures prediction. It was important in
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these experiments to ensure that the endfaces and loading surfaces
were flat and parallei so that any non~uniform stress distribution
was minimized.

8.5.3 Use of memory function

The memory function proposed by Kolsky was used as an

empirical fit to the dynamiq(respcnse of these fibre composites

-

and the results are shown in figures 8.3 and 8.4,
»

The form of the memory function is:
e-t(a)

.c(t) = Ee(t) +Hg%)k..a. (1 -
where the values of strain rate (da/dt)k.are taken at the appropriate
times from ¢(t) and the solution for t < 0 is ﬁeglected since it
does not enter into the physical situation. When t >> &, (the .
characteristic relaxation time) the stress-strain relation
approximates to a linear form.

The‘procedure for calculating the'memory function was to use
the dynamic data for s(ti and o(t) to find the values of (&:é:Eé)
and (de/dt)k at cer@ain times t after the start of the loading:

The maximum value of A.D-L.(de/dt)k at long times was found from the
(0,e ) curve, and an estimated valué of d was then useé to calculate
the exponential term in the memory function for all earlier'times:
The best fit obtained gave value of ﬁ = 2us and A = 106 GN/nF

for the axial 55% composite, and a = 6ﬁs and A = 14 GN/m? for the
chordal 60% composite. The axial fibre long bar dynamic stress-—
strain result was used for the axial composite: with Fhe static
modulus E = 110 GN/mz. The chordal fibre composite static modulus
was taken to .be 6 GN/mz.

From figures 8.3 and 8.4 it can be seen that the memory function
does provide a reasonable fit to the experimental results: The two

parametérs A and a are important for this particular loading

duration only, and the value of o was of the order of 10% of the
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loading duration. This result was also obtained by Kolsky, who noted
that although a single relaxation time gave some agreement.witﬁ
the experimentai results, the complicated molecular structure of a
polymer would involve a large number of different relaxation
phencmena. Thus a more complicated memory function wouldhe éeqﬁired
to cover the whole spectrum ‘of dynamic behaviour; )

Kolsky (1953) describeg the variation in propagation velocity
with fréguency for the standard lineér solid; For-these results
it can be shown that at the freqﬁency of 20 kHZ in the pfessure '
pulse and for the axial fibre composite (o = zﬁs); the wave speed
is identical with C, = (E/p)i. Thus there is no dispersion under
these conditions, and the wave speed may be predicted using the
static law of mixtures modulus.

The standard linear solid model is shown in figure 8:5:
together with -the stxess-strain‘relation for this model: The
memory function and the felaxation time spectrum describe the
mechanical behaviour of a linear system, in a very approximate and
rather empirical manner. Physically, one could suppose that the
instantanecus stress-strain response is time dependent, with -
contributions from thé-previous deformations adding to the current
behaviocur. These contributions decay with time, so that a short time
after the dynamic loading the material has completely relaxed: The
longitudinal wave speed then becomes an average value over all
elements in the visEous response, and it is nAt " possible to
calculate the speed from the instantaneous slope of the dynamic
stress—-strain curve for these materials;

A single relaxation time will give good agreement over a limited
time scale since any molecular processes associated with long times

will not influence the mechanical behaviour, while processes with

short relaxation times will appear as part of the instantaneous
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response (Ec) and not as part of the memory function.
Strain rates used in the loading portion of the pulse were in
. -1 . -
the ranges 100 to 400 s (axial fibres) and 150 to 550 s 1 (chordal

fibres), and a strain rate dependence was assumed for these materials.

The viscoelastic response of polymer systems has not yet been

explained in terms of a physjical model, althoygh scme theories
: . o

are available which deﬁcribe the strain rate dependence as an

effect df the coiling and uncoiling of long chain molecules. These
chain motions can be identified With the relaxation times of a viscous
modél% however, this is unlikely in the HR4C material since its
cross-linked structure would prevent any large moledular movement
between the crosslink sites.

Other work which is relevant to a viscoelastic analysis includes
Tennyson, Ewert and Niranjan( 1972} who considered the behaviour
6f bone samples under dynamic loading. Bone is known to be fibrous
on a microscopic scale, But for the spilit pressure bar experiment
the samples were taken to be transversely isotropip; A linear
viscoelastic response w;s used to describe the dynamic bshaviour with
a Voigt model, and.the elastic and viscous parameters were found to
be strain rate-dependent.

Lee and Morrison (1956) considered various viscoelastic models
for longitudinal wave propagation; one conclusion was that the
standard linear solid could be simplified as a Maxwell solid for
short times after impact, and a Voigt solid for lqnger‘times:

Billington and Brissenden (1971 a) proposed an empirical
relation for glass fibre composite behaviour in a Hopkinson bar
experiment; the stress-strain response had a 1pgarithmic form for
strainé less thanla critcal value, and then became linear for strains

~greater than this value. The form of this relation was similar in

some respects to the memory function used above.

138



CHAPTER 9 CONCLUDING REMARKS
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9.1 CONCLUSIONS FROM EXPERIMENTAL INVESTIGATIONS

In this york on carbon fibre composites the behaviour-of the
material at high rates of loading has been investigated and has been
foﬁﬁd to_differ markedly from that measured under static loading
conditions. The material properties which are of importance in
determining the behaviour are:

o
(i) fibre orientaﬁion relative to the loading,

)

(iif'fibre volume fraction, particularly for axial fibre loading,

and .
{iii)} the viscéelastic characteristics of the matrix material,

A strain rate dependent memory function may be used to describe
the material response, and the fracture behaviour and -dynamic
response at elevated temperatures may be considered in qualitative
terms as functions of the viscous properties of the matrix and the
ﬁature of the_fibre—matrix interface.

The basic theoretic;l principles and experimental apparatus
required in a study of stress wave behaviour in solid‘materials
have been cons;dered, a;d it has been shown that there are available
many techniques fof the measurement of dynamic behaviour. The
Hopkinson pressure bar has been used extensively in this work since
it is the only method to provide a plane stress situation which
can be analysed to calculate the stress-strain response at a high
rate of compressive loading. A number of limitations on the ﬁse of
this method have been found. These - limitations arise because of the
anisotropic nature of fibre composites, whicﬁ produces a non-uniform
strain in the specimen.

An optical-shutter technique has been found to give a satisfactory
measure of the pafticle displacement at each end of a short specimen;

and certain other stress and strain measuring techniques have been’

used in special circumstances.



Wave velocity measurements in long bars of fibre composite have
also been undertaken, and the relative value of these results in
providing dynamic characteristics has been compared with the results

of experiments with the Hopkinson pressure bar.
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9.2 RECOMMENDATIONS FOR FUTURE WORK

It caﬁ be seen that this thesis forms the initial stage of a much
larger project to determine the dynamic behaviour of fibre composite
materials. Further developments on the split pressure bar experiment
may be accomplished by replacing the bullet loading system.with a
variable impact velocity prqjectilé, driven by a @&s gun. The gse of
a projectile loading s¥stem would also extend the range and applic-
ability of long bar experimenté, provided that the measuring techniques
and the theoretical analysis were suitable for such experimental work.
The amplitude and duration of the stress pulse could then be varied
over a larger range so that stain rate effects in the specimen would
be more readily identified. |

A direct impact device by means of flyer-plate missiles or shock
wave loading on the specimen (in the form of a large rigidly clamped
élate) would produce plane strain conditions in the centre of the
specimen for short timesiafter impact. Such a system would overcome
the difficulties of fibre buckling and lateral inertia, since it would
simulate an inf;nite meéium condition in the initial stages. This
type of plane strain experiment would be more appropriate for any
determination §f the stress wave response of the large plate-like
structure of the RB21ll fan blade, and would also provide more direct
experimental data on the bulk material properties than the plane
stress Hopkinson bar experiment.

Clearly thereneeds to be considerable work done on the theoretical
interpretation of experimental data from high rates of loading
studies. The resolution of the controversy over strain rate effects
may be obtained only when a satisfactory model is available to
A describe the behaéiour of those materials whose physical properties

include plastic flow, delayed recovery and creep, viscoelasticity,

dislocation movement and thermal effects. The separation of Hopkinson
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bar data into strain rate sensitivity and lateral inertia effects
also requires more analysis. A complete explanation of thé dynémic
behaviour of carﬁon fibre composites will require a mathematical
model which involves the properties of the separate components and
the fibre-matrix interface properties.

The proﬁlems of experiméhtal and theoretical studies of non-
linear a?d perhaps time-dependent material behaviour at high rates
will cau;e controversy until an.approach is available which briﬁgs
together the experimental physicist, the applied mathematician and

the materials scientist.
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9.3 THE BIRD IMPACT PROBLEM

The work of this thesis arose from the problem of biré impact
on the carbon fiﬁre fan blades in the RB211 aeré-engine. It is
apparent that the features of stress wave propagation caused by a
rapid impact loading are a function of the fibre and matrix
properties and the rate of stress application. The design engineer,

however, is more interested in the failure characteristics of his

x

blade structure, and the fracture mechanisms are primarily
determined by the fibre-matrix and interlaminar bonds. ‘Interfacid
shear between the fibres and matrix becomes impartant because of
‘the different response of each component to the wave propagation.
Reactions at the interface cause the faster travelling puise in the
fibre to be retarded to a speed appropriate to the average fibre
content. Since the fibre-matrix bond is thought to be chemical in
nature, a reduction of t@e failure mechanisms associated with inter-
facial shear : may be obtained by changing the matrix properties to
more closely resemble the fibre properties, or by treating the fibre
surface chemically. (Although the feature of interfacial crack
stopping may then be reduced). The viscoelastic material properties
of the memory function at high rates of loading indicate that the

matrix influences the composite behaviour much more than at quasi-

static rates of loading.
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