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(b) fracture appearance
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(b) fracture appearance

(c) strain distribution on failure plane
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Fig. 6 Effect of strain rate and specimen geometry on
compressive behaviour of woven glass/epoxy
(a) ultimate compressive strength
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MODELLING OF THE IMPACT RESPONSE OF FIBRE-REINFORCED
COMPOSITES

Y. L, Li, J. Harding and C. Ruiz

PREFACE

This final report gives a short summary of the work that has been done
over the three years of the present grant, No. AFOSR-87-0129. (Reference is
also made to work performed under earlier grants, in which some cf the exper-
imental techniques used here were developed). Some general conclusions are
drawn and possible directions for further research are discussed. Fuller
details of individual parts of the current three year programme have either
been given in earlier reports on this programme, issued in May 1988 and July
1989, or are attached to this report in the form of appendices.
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1. INTRODUCTION

The three-year programme under Grant No. AFOSR-87-0129, for which this
is the Final Report, was preceeded by two separate one-year programmes, undexr
Grant Nos. AFOSR-82-396 and AFOSR-84-092, and a one-year programme which was
subgsequently extended to a pericd of 18 months, under Grant No, AFOSR-85-218.
Scientifically, however, these four programmes represent a single progressive
development of work on the impact mechanical properties of woven-reinforced
epoxy matrix laminates and it seems appropriate, therefore, to take this
opportunity to overview the whole of this work.

The objective of the initial stages of the work was limited to obtaining
dynamic tensile stress-strain curves for woven-reinforced hybrid carbon/glass
and carbon/Kevlar laminates so as to allow a study of the effect of hybrid
composition on their impact resistance. This required the introduction of
an extended version of the standard tensile Hopkinson-bar apparatus and the
construction of a yas-gun to accelerate the projectile. Subsequently the
tensile impact loading technique was modified to use a cylindrical projectile
gso as to minimise the problems assoc.ated with the insertion of the specimen
into the test equipment and to allow free access to the specimen during the
course of the test.

Using these techniques tensile stress-strain curves were obtained at an
impact strain rate of about 1000/s for threce woven carbon/glass epoxy lamin-
ates having different hybrid compositions lcaded in bo! h the warp and the weft
directions. Comparative results were also obtained at a quasi-static rate
of about 10'3/9 and an intermediate rate of about 10/s. The effect of strain
rate on the elastic and tensile strength properties of the two types of rein-
forcing ply was also obtained from quasi-static and impact tests on non-hybrid
laminates reinforced with either woven carbon or woven glass and loaded in the
warp and the weft directions and also in a direction at 45° to the warp and
weft directions so as to allow a determination of the in-plane shear modulus.
The two-dimensional stiffness matrix was found to be rate dependent for both
the all-carbon and the all~glass laminates.

It became apparent at an early stage that even in hybrid lay-ups with a
carbon weight fraction as low as 40% there was a drastic reduction in the
tengile strain to failure over that for the all-glass laminate and hence a
corresponding reduction in the ability to absorb impact energy. This was
assumed to be related to the tensile loading configuration in which both fibre
types nominally support the same strain at all times. Some work was under-—
taken, therefore, on the transverse impact loading of laminated hybrid plates
for which different tensile strains will apply in different reinforcing plies.
Plates with different stacking sequences and weight fractions of woven carbon
to woven glass reinforcement were tested and load-displacement curves at the
central point of impact were successfully obtained. However, while a measure
of the effect of lay-up and hybrid composition on the impact energy absorbed
could be made the transverse impact configuration is essentially a structural
rather than a materials test and a more detailed analysis which attempts to
model the observed impact response has so far not proved possible.

Following a detailed literature survey on strength and stiffness theories
for composite laminates initial attempts to model the hybrid tensile impact
response were based on the laminate theory approach and the Tsai-Wu failure
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criterion. At both quasi-static and impact rates the hybrid stiffness could
be predicted from the stiffness matrices of the non-hybrid laminates simply
by the use of the rule of mixtures. Predictions of the tensile strengths of
the hybrid laminates required, i.. principle, knowledge of the compressive as
well as the tensile strengths of the non-hybrid laminates and a test technique
was developed to obtain this information.

Using the laminate theory approach predictions of the quasi-static and
the impact tensile strengths of the three hybrid lay-ups were obtained and
found to show reasonable general agreement with those determined experiment-
ally. The failure strains, however, were very significantly overestimated,
particularly for the impact tests, and the bilinear stress-strain curve which
wag inherent in this approach, while showing the "knee" effect characteristic
of woven laminates, was only a rough approximation to that obtained experim-
entally. It is also interesting to note that while, as predicted by the lam-
inate theory approach, the experimental strength levels lay slightly above
those that would have been predicted by the rule of mixtures, they also showed
some dependence on the stacking sequence separate from their dependence on the
hybrid composition. Since out-of-plane stresses are not considered this
could not be predicted by a laminate theory approach.

In the light of this experience with the laminate theory approach it be-
came clear that a more detailed modelling of the hybrid impact strength re-
quired a method which allowed a study of the progressive development of fail-
ure, i.e. of the damage accumulation process. Following a second literature
survey, on the statistical and numerical methods which have been used to pre-
dict the quasi-static strengths of composite materials in general and hybrids
in particular, a major effort has been made to apply the finite element method
to the analysis of failure in woven hybrid laminates. This has required, in
addition to information on the effect of strain rate on the tensile strengths
of the two typee of reinforcing ply, also a knowledge both of the effect of
strain rate on the interlaminar shear strengths at the various possible inter-
faces, i.e. between two glass reinforced plies, two carbon reinforced plies
and two plies one reinforced with carbon and the other with glass and a know-
ledge of the effect of strain rate on the strength and stiffness of the diff-
erent’ laminates in the through-thickness direction.

To obtain this information a new interlaminar shear test technique has
been developed which can be used at impact as well as quasi-static rates of
strain. Although the far from uniform stress distribution on the interlam-
inar failure plane in this test does not allow the determination of a precise
value of interlaminar shear strength at any given loading rate it does reveal
a very significant increase in the interlaminar shear strength at impact rates
of strain. An improved version of interlaminar shear test for impact testing
has been designed and built but no tests have yet been performed using it.
While successful attempts have also heen made to determine the elastic prop-
erties in the through~thickness direction for the all-carbon and the all-glass
laminates at both a quasi-static and an impact rate of strain, only a prelim-
inary attempt has been at determining the strength properties normal to the
three types of interface in the hybrid laminates.

With the various unforeseen developments in the work on the carbon/glass
hybrids the study originally proposed on.the carbon/Kevlar laminates has been
greatly delayed. However a complete set of impact tests on a woven all-Kevlar
laminate and on three different hybrid lay-ups of woven carbon and woven Kev-
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lar has been conpleted, although there has only been time to analyse a limited
amount. of the test data so obtained.

Following this introductory survey subsequent sections of this report
will summarise in rather more detail a) the work that has been done in de~-
veloping experimental techniques, section 2, b) the range of experimental
results that has been obtained, section 3, and c¢) the progress that has been
made in attempting to model analytically and numerically the observed mechan-
ical behaviour, section 4. These will be followed by a discussion section,
gection 5, in which an attempt is made to assess the present position, a
conclusions section, section 6, a section which makes suggestions for future
work, section 7, and a list of publications arising from the work of the
present three-year programme.
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2. SUMMARY OF EXPERIMENTAL TECHNIQUES

The principal experimental technique employed during the course of this
investigation has been a modified version of the tensile Hopkinson-bar appar-
atus suitable for testing laminated compusites. This has also involved the
development of a new type of gas—gun in which a cylindrical projectile is used
to set up a tensile loading wave in a long loading bar which lies along the
axis of the gun barrel and extends into the region behind the gun [1]. Using
this arrangement the split Hopkinson-bar assembly and the test specimen are
accegsible at all times, since they are not enclosed within a weighbar tube
as in earlier versions of the tensile Hopkinson-bar apparatus. Experimental
data from up to six separate strain gauge stations are stored in three dual-
channel transient recorders and subsequently analysed on a microcomputer using
software developed especially for the purpose (1]}.

The first attempts to predict the tensile impact strength of the various
hybrid lay-ups from that of the all-glass and all-carbon laminates used a
simple laminate theory approach. This required in addition a knowledge of
the compressive strengths of the all-glass and all-carben laminates. Most
previous work on the compressive impact properties of composite r.aterials has
used a test zgpecimen in the form of a short cylinder. This design was not
possible in the present investigation as the laminate thickness was too small.
Nor is the short cylinder an ideal design of specimen because of uncertainty
as to the significance of end effects at the specimen loading-bar interfaces
in masking the true material behaviour. 1In the present investigation, there-
fore, the same design of waisted strip specimen as was used in the tensile
tests was also used in compression. This required the development of a
special loading rig for use in the quasi~-static tests [2] and the construct-
ion of a small air gun and compression Hopkinson-bar system for use in the
impact tests [3]).

During the course of the investigation it became apparent that even if
attempts to model the composite impact behaviour were limited to that observed
under tensile loading alone, the damage accumulation process following initial
tensile fracture of a fibre tow somewhere within the test specimen would be
very likely to involve failure mechanisms controlled by the distribution of
both the shear stresses and possibly also the transverse tensile stresses
close to this point of initial failure, the shear stresses favouring damage
accumulation by delamination and the transverse tensile stresses favouring a
deplying type process. It was necessary, therefore, to devise experimental
techniques for assessing the effect of strain rate on the shear stress levels
at which failure by interlaminar shear might be expected, and also, possibly,

1. K. Saka and J. Harding, "Behaviour of Fibre-Reinforced Compcsites under

Dynamic Tension”, Oxford University Engineering Laboratory Report No.
OUEL 1602/85 (Final Report on Grant No. AFOSR-84-0092).

2. S. Shah, R. K. Y. Li and J. Harding, "Modelling of the Impact Resgponse
of Fibre-Reinforced Composites”, Oxford University Engineering Laboratory
Report No. OUEL 1730/88 (First interim report on Grant No. AFOSR-87-0129)

3. J. Harding, K. Saka and M. E. C. Taylor, "Behaviour of Fibre-Reinforced
Composites under Dynamic Tension", Oxford University Engineering Labor-
atory Report No. OUEL 1654/86 (Interim Report on Grant No. AFOSR-85-0218)
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the transverse stress levels at which failure by deplyinc¢ right be expected,
although this is unlikely to be an important part of the tailure process when
the tensile load is applied in one of the principal reinforcement directions
except, possibly, for the case where initial tensile fracture of a fibre tow
occurs at a site distant from the axis of loading, i.e. close to the specimen
surface.

To provide data on the rate dependence of the critical interlaminar shear
strength a special double-lap (or "tuning fork") type of shear specimen was
devised [4]. This may be tested in the standard tensile Hopkinson-bar appar-
atus and gives an estimate of the average value of the shear stress on the
interlaminar failure plane when fracture occurs. The interlaminar plane on
which failure will occur is predetermined. This allows different types of
interface to be studied. Thus all three types of interface present in hybrid
carbon/glass specimens, i.e. carbon/carbon, glass/glass and carbon/glass, may
be studied independently [5]. However, the major drawback of this test, in
common with most other types of interlaminar shear test, is the far from
uniform stress and strain distribution on the failure plane. The critical
load at failure gives, therefore, only a general indication of the level of
shear atress required to initiate interlaminar failure at the given strain
rate. Finite element studies aimed at producing an improved design of inter-
laminar shear test were therefore undertaken. These are described and an
improved design of test proposed in the report attached at Appendix II. Un-
forrunately there was insufficient time to build the proposed modified inter-
laminar shear test and to conduct experiments using it so this remains an area
for future development.

Finite element studies were used both as a check on the stress and strain
distribution within the various testing configurations and also in an attempt
to model the failure process in the test specimens at different rates of load-
ing. In both cases a knowledge of the elastic properties of each type of lam-
inate was required. The bulk of the experimental work was concerned with the
behaviour of three types of laminate, woven carbon, woven glass, and three
different woven hybrid lay-ups of carbon and glass. By testing tensile spec-
imens cut from both the woven carbon and the woven glass laminates with the
tensile axis in either the warp or the weft directions or at 45° to the warp
and weft directions and using strain gauge rosettes attached directly to the
specimen test section, estimates were made of the two-dimensional in-plane
stiffness matrix for each laminate at both a quasi-static {3) and an impact
rate of loading {6]. Similar measurements in the through-thickness direction
were not possible because the thickness of the available laminates was too
small so estimated elastic properties had to be used in the finite element
calculations.

4, J. Harding, Y. L. Li, K. Saka and M. E. C, Taylor, "Characterisation of
the Impact Strength of Woven Carbon/Epoxy Laminates", in Proc. 4th.
Oxford Int. Conf. on Mech. Props. Materials at High Rates of Strain,
Institute of Physics Conf. Ser. No. 102, (Inst. of Physics, London and
Bristol, 1989), pp. 403-410.

5. Y. L. Li, J. Harding and M. E. C. Taylor, "The Interlaminar Shear
Strength of Woven Carbon, Woven Glass and Woven Carbon/Glass Hybrid
Laminates under Static and Impact Loading", Oxford University Engineering
Laboratory Report No. OUEL 1831/90
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More recently, however, following the perceived need for an estimate to
be made of the through-thickness strength properties and in view of the fact
that the "tuning-fork" double-lap shear specimens could not be cut from exist-
ing laminates but had to be prepared specially, the oppertunity was also taken
to prepare thickner laminates from the same woven glass and carbon reinforcing
mats and the same epoxy resin system as were used in the original laminates.
Cylindrical specimens with the axis perpendicular to the plane of reinforce-
ment were then cut from these thicker laminates, strain-gauged and loaded at
either a quasi-static or an impact rate to give an estimate of the elastic
properties in the through-thickness direction. Full details of this part of
the work are given in the report attached at Appendix I.

Alhough these tests were generally taken through to failure, fracture
was always on a plane adjacent to the specimen/loading-bar interface and was
probably in most cases a measure of the strength of the adhesive. To give
an estimate of the through-thickness tensile strength tests were performed on
several designs of cylindrical specimen with a reduced diameter in the central
section. Results obtained were quite promising but here again there was not
sufficient time to complete these tests so this also remains a topic for some
future development.

6. K. Saka, R. K. Y. Li and J. Harding, "Behaviour of Fibre-~Reinforced
Composites under Dynamic Tension", Oxford University Engineering Labor-~
atory report No. OUEL 1714/87 (Final report on Grant No. AFOSR-85-0218)
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3. SUMMARY OF EXPERIMENTAL RESULTS

Initially the experimental studies were concerned with the effect of
strain rate on the tensile mechanical behaviour of five woven reinforced lam-
inates, a coarse-weave carbon reinforced laminate, a fine-weave glass rein-
forced laminate and three different hybrid lay-ups of the woven carbon and
woven glass reinforced plies. Tensile stress-strain curves were derived at
impact rates of strain between 350 and 1100/s, depending on the hybrid weight
fraction [7]. The tensile modulus and tensile strength both increased with
an lncreasing weight fraction of carbon reinforcement while the strain to
failure was very significantly reduced compared with that for the all-glass
laminate. While it was clear that the very good tensile impact resistance
of woven glass/epoxy laminates was not maintained when the glass reinforce-
ment was combined in a hybrid lay-up with more than 40% by weight of carbon
reinforcement, the strain to failure when glass reinforcing fibres were
present was always greater than for the non-hybrid woven carbon reinforced
laminate. It was also apparent that under tensile loading an optimum combin-
ation of hybrid strength and strain to failure was obtained at a weight fract-
ion of carbon reinforcement of 70%.

Tensile stress-strain curves were also obtained at a quasi-static and an
intermediate rate of strain, 0.001/s and 10/s respectively, for all five
laminates {3)]) and a significant increase in the tensile strength with strain
rate was observed in each case. A significant effect of strain rate was also
seen on the elastic properties, as indicated by the various elements of the
two~dimensional stiffness matrix, for both the carbon and the glass reinforced
laminates, the effect being larger, in general, for the glass reinforced lam-
inate [6].

Although the mechanical behaviour of the hybrid laminates under impact
tension was the primary interest of this investigation, the usz of a simple
laminate theory approach to predict the hybrid tensile strength [3], under
both guasi-~static and impact loading rates, required a knowledge of the com-
pressive strength of both the all-glass and the all-carbon lawinates at each
rate of loading. Compressive stress-strain curves for each laminate showed
a very significant increase in both the failure strength and the strain to
failure under impact loading [2]). This contrasts with the tensile behaviour
where only the glass reinforced laminate showed an increased strain to failure
under impact loading.

With the development of finite element techniques for modelling the
failure process in hybrid laminates the need became apparent for data on the
strain rate dependence of the interlamir2av shear strength in such materials.

7. K. saka and J. Harding, "The Deformation and Fracture of Hybrid Rein-
forced Composites under Tensile Jmpact", Proc., IUTAM Colloquium on
Macro- and Micro- Mechanisms of Hic* Velocity Deformation and Fracture,
{Springer-Verlag, Berlin, 1988), pp. 97-111.

8. Y. L. Li, J. Harding and M. E. C. Taylor, "The Effect of Strain Rate on
the Interlaminar Shear Strength of Woven Reinforced Laminates", to appear
in Proc. ECCM-4, Fourth European Conference on Composite Materials,
Stuttgart, September 1990.
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A series of tests was performed, therefore, using the double-lap shear spec-
imen, at both a quasi-static and an impact rate of loading, on specimens with
different reinforcing ply lay-ups such that interlaminar failure took place
at the interface between i) two carbon reinforced plies, ii) two glass rein-
forced plies and iii) one carbon and one glass reinforced ply. In each case
the applied load at which interlaminar failure occurred was significantly
higher under impact loading. While a direct experimental measure of the
shear strain at the interface could not be made it was possible, by means of
a finite element analysis, to relate the applied tensile strain to the average
value of shear strain at the interface and hence to make an approximate estim-
ate of the shear strain rate. Values obtained were 10'3/3 and 103/s in the
quasi-static and the impact tests, respectively. Full details of this part
of the work are given in the report attached at Appendix III. This work is
to be published [8].

Originally it had been the intention to perform a parallel series of
tensile impact tests to those described above but using a woven Kevlar rein-
forcement instead of the glass. A non-hybrid woven Kevlar laminate and three
hybrid lay-ups of woven Kevlar with woven carbon were prepared. Full details
of the Kevlar laminates were given in an earlier report [9]}. However, as the
work on the carbon/glass laminates expanded in unforeseen directions the tests
on the Kevlar and Kevlar/Carbon laminates were delayed. These have now been
completed and regsults for the non-hybrid Kevlar laminate loaded in the warp
direction were given in the Second Interim Report [10]}.

The present report gives mean stress-strain curves and the corresponding
strain rate-strain curves for several tests on the same all-Kevlar laminate
loaded in the weft direction, fig. 1, and in the direction at 45° to the warp
and weft directions, fig. 2. Strain gauges attached directly to the parallel
section of specimens loaded in the warp and weft directions were used to
measure the transverse as well as the longitudinal strains and so allowed an
estimate of Poisson's ratio at impact rates of strain to be made. Strain
gauge rosettes, 0°/45°/90°, attached similarly to the parallel section of the
specimens loaded in the 45° direction allowed an estimate to be made of the
in-plane shear modulus, giving the two-~dimensional stiffness matrix quoted
below for the Kevlar laminate at impact rates of strain. Unfortunately it
has not proved possible in the limited time available to complete the analysis
of the impact test data for the three hybrid Kevlar/Carbon laminates loaded
in the warp, weft and 45° directions.

40.6 3.75 0
(91 = 3.75 39.1 0 | GPa

0] 0 2.8

9. K. Saka and J. Harding, "Behaviour of Fibre-Reinforced Compusites under
Dynamic Tension", Oxford University Engineering Laboratory Report No.
OUEL 1543/84 (Final report on Grant No. AFOSR-82-0346)

10. Y. Li, C. Ruiz and J. Harding, "Modelling of the Impact Response of
Fibre-Reinforced Composites", Oxford University Engineering Laboratory
Report No. OUEL 1784/89 (Second interim report on Grant No. AFOSR-87-
0129)
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4. SUMMARY OF ANALYTICAL TECHNIQUES

Two techniques have been used in an attempt to model the experimentally
observed tensile impact response of the hybrid woven-carbon/woven-glass epoxy
laminates. In the first of these ([11] a simple laminate theory approach was
used to determine the in-plane two-dimensiocnal stress system for each rein-
forcing ply of a given hybrid lay-up in terms of the experimentally deter-
mined elastic properties. The external locading is then increased until the
resulting stress system reaches the critical level at which first failure is
predicted to initiate in one of the two types of reinforcing ply. The pre-
diction of first failure uses the Tsai-Wu failure criterion and the experim-
entally determined tensile and compressive failure strengths measured indep-
endantly for the two types of reinforcing ply from tests on the non-hybrid
all-carbon and all-glass laminates.

In practice initial failure was always predicted in the low elongation
carbon reinforced plies. Following initial ply failure a reduced tensile
modulus is assumed for the failed carbon reinforced plies and the loading in-
creased until the Tsai-Wu criterion is again satisfied, in this case for the
glass reinforced plies, at which point final failure of the composite takes
place. Thus a bilinear stress strain response is modelled, showing the
"knee" effect often observed with woven reinforced composites. The failure
strengths of the three hybrid lay-ups predicted in this way agreed reasonably
well with the experimentally determined values at both a quasi-static and an
impact rate of loading but the failure strains were significantly overestimat-
ed particularly in the impact tests. This is not surprising since there are
several grogs simplifications involved in the laminate theory approach. Two
such simplifications are particularly significant. These are 1) cut-of-plane
stresses are totally ignored and 2) when failure is predicted in a given type
of reinforcing ply it is assumed to occur simultaneously throughout all plies
of this type. The first of these simplifications means that the effects of
different stacking sequences within the same overall hybrid composition cannot
be taken into account while the second makes it impossible to model the damage
accumulation process which clearly operates in composite materials generally
and particularly so in woven reinforced composites.

In an attempt to deal with both of these drawbacks to the laminate theory
approach a second technique was developed based on the finite element method
{12}. Here the parallel region of the specimen is modelled in two dimensions
by means of an array of elements with orthotropic elastic prcperties determin-
ed experimentally for each type of reinforcing ply. Initial tensile failure
is assumed in an arbitrarily chosen element and modelled by a reduction in the
tensile stiffness. The finite element analysis is then used to determine
both the distribution of tensile strains in the neighbouring plies and the
local shear stress distribution on the adjacent interlaminar planes of the
given hybrid lay-up.

11. K. saka and J. Harding, "A simple laminate theory approach to the pre-
diction of the tensile impact strength of woven hybrid composites",
Composites, Vol. 21, No. 5, September 1990, 439-447.

12. Y. L. Li, C. Ruiz and J. Harding, "Failure analysis of woven hybrid
composites using a finite element method", (to appear in Composites
Science and Technology).
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Following initial tensile failure of a given element, subsequent steps
in the failure/damage accumulation process might be expected to involve both
the tensile failure of neighbouring elements, as a result of the increased
local tensile strains, and a delamination on the adjacent interlaminar planes,
under the high local interlaminar shear stresses induced by the initial ten-
sile failure. Experimentally some delamination/fibre pull-out was found to
be part of the failure process in tensile tests on each of the three hybrid
lay-ups studied at both quasi~static and impact rates of loading. The finite
element method was used, therefore, to determine the extent to which delamin-
ation on the interlaminar planes adjacent to the failed element was effective
in reducing the local stress and strain concentrations and so allowing a
further increase in the external loading before the next stage in the damage
accumuliation/failure process was initiated.

In its application to hybrid composites the main advantage of the finite
element method over simple laminate theory is that it does give some account
of the effect of different stacking sequences. Thus, for a given hybrid com-
position, changes in the hybrid lay-up were found to affect the amount of
energy released both when a given carbon ply failed in tension and when there
was subsequent delamination. The importance of the stacking sequence on the
extent to which hybridisation might improve the composite mechanical perform-
ance was also clear from the way in which both the local tensile strain con-
centration and the local interlaminar shear stresses varied with the order in
which tensile failure and delamination occurred.

One important drawback to the finite element method when applied to
hybrid composites, however, derives from the discontinuity in the elastic
properties at the interface between two different types of reinforcing ply,
making accurate prediction of the stress levels in this region very difficult.
In addition difficulties have also been experienced in determining experiment-
ally a precise value of the interlaminar failure strength at each type of in-
terface and each rate of loading. For these reasons, therefore, while the
finite element method has been shown to highlight the general features found
in the experimental work, a more detailed comparison between theory and ex-
periment for hybrid composites has not been possible.

Where a non-hybrid lay-up is concerned, however, providing neighbouring
reinforcing plies all have the same orientation, the first of these difficult-
ies disappears, In a very recent report [13}, see Appendix IV, the finite
element method has been used to study the stress distribution in a woven
carbon reinforced laminate following ply failure, either by break-up of the
resin matrix and straightening of the fibres or by fibre fracture, both with
and without subsequent delamination. The results of the finite element
analysis were consistent with the experimentally observed behaviour of the
given laminate at both a quasi-static and an impact rate of strain. In
particular the reduced extent of anelastic deformation under impact loading
was related tc the much higher interlaminar shear strength at these rates of
strain.

13. J. Harding and Y. L. Li, "Analysis of Failure in Woven Carbon/Epoxy
Laminates under Quasi-Static and Impact Loading", Oxford University
Engineering Laboratory Report No. OUEL 1846/90.
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5. DISCUSSION

It is clear from previous sections of this report that if the impact
mechanical response of composite materials is to be adequately modelled a
technique has to be developed which allows successive stages in the damage
accumulation process to be identified and taken into account. The finite
element method has been used with considerable success in the modelling of
impact induced deformations in metallic materials and structures, where the
process is controlled by plastic flow and can be described by an empirical or
semi-empirical form of constitutive relationship. Where composite materials
are concerned, however, the deformations induced by impact are generally much
smaller and are the result not of a single mechanism of plastic flow but of
the combined effect of a wide variety of micro-fracturing processes, includ-
ing, for example, matrix cracking, fracture of individual fibre tows, fibre
pull-out, delaminaticn induced by high lccal shear stresses and deplying res-
ulting from high local normal stresses.

While, in theory, it is possible to treat the fibres and the matrix
separately, analyses using this approach are generally only able to predict
elastic properties [14], prediction of strength properties by this technique
being very much more difficult. It is more usual, therefore, to combine the
effects of the fibres and the matrix in each reinforcing ply by assigning to
each ply characteristic bulk orthotropic elastic properties. 1In the present
case the principal mechanisms associated with damage accumulation under
tensile impact will be tensile fracture of the fibre tows and delamination
between adjacent reinforcing plies although, if the loading becomes non-
symmetrical during the fracturing process, the development of high normal
stresses could lead to a deplying type failure as well.

If the damage accumulation during tensile impact is to be successfully
modelled, therefore, several requirements must be met. A stress analysis
technigue must be available which adequately describes the state of stress in
the laminate in terms of the applied lcading and the appropriate elastic con-
stants for the rate at which it is strained. Also the critical stress states
must be known at which, also at the appropriate rate of straining, the various
failure processes might be expected to operate. Finally, once damage has
initiated at some point in the laminate an appropriate way of describing the
properties of the damaged region must be available so as to allow the re-
distributed stress system to be determined and the next step in the failure
process identified.

In the present investigation a finite element technique has been used to
determine the stress distribution within the laminate both before initial
failure and after each stage in the failure process. This techniaue suffers
from the disadvantage that across interfaces where there is a discontinuity
in the elastic properties as, for example, between glass-reinforced and carbon
reinforced plies, there may be a significant loss in the accuracy with which
the stress system is determined. This is likely to be particularly true in
regions where delamination has or is expected to occur. It will also apply
to laminates for which initially there are no such elastic discontinuities

14. Y. C. Zhang and J. Harding,"A numerical micromechanics analysis of the
mechanical properties of a plain weave composite", Composites and
Structures, Vol. 36, No. 5, 1990, 839-844
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[{13] but in which these develop after damage initiates.

With regard to the critical stress states required to initiate the diff-
erent failure processes, although testing techniques have been developed in
which the load, and nence a corresponding particular stress state, required
to cause either tensile or interlaminar failure has been determined, it is not
clear what feature of this stress state, i.e. whether, for example, it is the
maximum val of the stress or the average value over a given minimum region,
which is c..tical for failure to occur. 1In the absence of a specific failure
criterion for each failure mechanism it may be of greater value to consider
the amount of encrgy released when a given mechanism operates. Qualitative
results have been obtained in this way [10,12] which highlight the effects of
different stacking sequences and give a general indication as to which ply is
likely to fail first.

In the present investigation, where it was tensile impact that was being
studied, it has been assumed that initial failure was always either by the
tensile fracture of a given fibre tow or b' the break-up of the matrix in a
given region allowing the woven fibre tows to straighten under the applied
load. Both types of failure were modelled by a reduction in the tensile
modulus in the loading direction, by an arbitrarily chosen factor of 1/100 or
1/1000, for tensilie fracture, or 1/10, for matrix break-up. However, for the
carbon reinforced plies in particular, the size of element over which this
modulus reduction is applied is very much smaller than either the wavelength
or the cross—-sectional area of the woven carbon fibre tow. Clearly, there-
fore, there is no particular physical basis for the assumed reduction in
modulus and its validity lies only in whether or not it allows results to be
obtained which are not inconsistent with those observed experimentally. Sim-
ilarly the delamination process is modelled assuming an arbitrary friction
coefficient of 0.5 on the delamination crack surfaces because otherwise the
finite element method would predict catastrophic delamination through to the
ends of the specimen and experimentally this was known not to happen. Also
the extent of delamination either side of the initial tensile failure was
limited to abc' t that observed in practice.

Nevertheless, despite all these various limitations and qualifications,
it has proved possible using the finite element method to obtain a qualitative
modelling of the early stages of damage accumulation in woven composites under
tensile impact and to identify some of the effects of different hybrid stack-
ing sequences. However, it is clear that much more work needs to be done be-
fore this method can be applied more generally to the prediction of impact
damage in real composite structures.
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6. CONCLUSIONS

Experimental techniques have been developed for obtaining reliable data
on the mechanical properties of woven hybrid reinforced composite laminates
under both tensile and compressive impact, although in compression some doubt
remains regarding the effect of specimen geometry on the resulting failure
mode. A technique has also been developed for studying the effect of loading
rate on the interlaminar shear strength between woven plies reinforced with
carbon or glass and suggestions have been made for improving the technique so
as to reduce the variation of shear stress on the interlaminar plane prior to
failure. Elastic properties in the through-thickness direction under tensile
impact loading have also been determined but a method for determining the ten-
sile gtrength normal to the reinforcing plies is only in tne early stages of
development.

Tensile stress strain curves have been obtained for woven carbon, woven
glass and hybrid carbon/glass reinforced laminates at three loading rates from
quasi-static to impact. The two-dimensional stiffness matrix for both the
carbon and the glass reinforced laminates is found to be dependent on strain
rate, particularly strongly for the glass reinforced laminate. A significant
raising of the failure strength with strain rate was observed for the glass
reinforced and the three hybrid laminates, for the latter by slightly more
than would be predicted by the rule of mixtures. Similar results, but for
a more limited range of conditions, have been obtained for a woven Kevlar and
three hybrid woven Kevlar/carbon laminates.

‘nitial attempts using simple laminate theory and the Tsai-Wu failure
criterion to predict the tensile impact strength of the woven carbon/glass
hybrids in terms of the experimentally measured elastic and strength prop-
erties of the non hybrid carbon and glass laminates gave reasonably close
estimates of failure strengths but significantly overestimated the correspond-~
ing failure strains. A possible effect of stacking seguence observed in the
experimental results for hybrid tensile strength could not be modelled by the
laminate theory approach.

A more detailed analysis of failure using the finite element method has
been developed. This method, which improves on the laminate theory approach
by allowing successive stages in the process of damage accumulation to be mod-
elled, has been found to highlight many of the features observed experiment-
ally and gives a qualitative indication of possible effects of different hy-
brid stacking sequences and of the likelihood of initial failure in different
reinforcing plies.
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7. FUTURE WORK

The long term aim must be to develop a technique for modelling the damage
accumulation precess up to final failure for a composite structure, e.g. the
fan blade in an aero engine, when subjected to impact loading. The present
report describes a possible approach to tackling this problem. A great deal
of work, however, remains to be done on several fronts. Considerable refine-
ment in the finite element technique is required if reliable estimates are to
be made of the stress distributions close to damage zones and to interfaces
between regions with different properties. Improvements are alsc required
to the testing technique used to determine interlaminar shear strength while
a technique for determining the through-thickness tensile strength needs to
be fully developed. To check the validity of the methods used to moedel the
damaged regions, for example, a reduction in tensile modulus, a detailed ex-
perimental study of the various stages in the failure process would be very
valuable. This would require impact tests in which the specimen was unloaded
after different degrees of damage before final failure and is not likely to
be very easy to achieve.

As a test of its successful development the technigue for modelling the
damage accumulation process should be able to describe the experimentally ob-
served behaviour in a well monitored simple test such as the tensile impact
test. It should then be further tested by applying it to a simple structural
problem, for example the transverse impact of a composite beam or plate, where
again the external loading and the deformations occurring during the impact
may be closely monitored but where the stress system is likely to be more
complicated and where stress waves within the composite may need to be taken
into account. 1If this is successfully achieved then the technique should be
capable of application to real structural problems.
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EFFECT OF STRAIN RATE ON THE
THROUGH-THICKNESS ELASTIC PROPERTIES
OF WOVEN LAMINATES

Y. L. Li, J. Harding and M. E. C. Taylor
Department of Engineering Science
University of Oxford
Parks Road
OXFORD OX1-3PJ, UK

ABSTRACT

Woven-carbon, woven-glass and hybrid woven carbon/woven glass
epoxy laminates have been prepared and tested in tension at a
quasi~static and an impact rate of strain. The tensile load was
appliad normal to the interlaminar plane and 0°/90° strain gauge
rosettes were used to determine the corresponding strains in the
loading and transverse directions. Frcem the data obtained the
effect of strain rate on the tensile elastic modulus in the
through-thickness direction and on the values of Poisson's ratio

for planes normal to the warp and weft reinforcing directions was
determined.




INTRODUCTION

Previous investigations(LZ) have shown a significant effect of strain rate on
the in-plane elastic properties, i.e. the tensile modulus, shear modulus and
Poisson's ratio, for woven-reinforced glass/epoxy and carbon/epoxy laminates.
Recently attempts to model the tensile failure of such laminates at different
rates of strain using a finite element method®+4) have required a knowledge
of the elastic properties in both the in-plane and the through-thickness dir-
ections. In the absence of data for the through-thickness properties estim-
ated values have had to be used. The present report describes an attempt to
provide the missing data and hence to confirm or otherwise the validity of the
previous finite element studies.

SPECIMEN MATERIALS AND DESIGN

In order to develop the experimental technique initial tests were performed
on a laminate prepared from woven carbon pre-preg material. A S5-end satin-
weave fabric was used, woven from 3000 filament fibre tows with, respectively,
70 and 72 yarns per 1lOcm in the warp and weft directions, and having a dry
weight of 285g/m2. The pre-preg was manufactured by Hexcel and Genin using
a type ES.36 self-adhesive epoxy resin to give a fibre weight fraction of 52%
and an uncured pre-preg weight of 548g/m2. Twenty~-four layers of fabric,
each 75mm x 150mm, were laid up in a small externally heated pressure vessel
{(autoclave), see fig. 1, beween two layers of peel ply and two layers of
breather felt on each side and covered by a neoprene rubber seal which separ-
ated the two halves of the autoclave. The base of the autoclave was covered
with a PTFE coated fabric. An air pressure of 70 to 80 psi was applied above
the neoprene seal and the region below was evacuated to 28 inches of mercury.
The whole autoclave was placed inside a small oven, the temperature raised
over a period of 1 hour to 125°C, held at this temperature for 1 hour and then
allowed to cool to room temperature. The finished plate thickness was ~8.3mm.

The experimental technique having been established subsequent tests were per-
formed on laminates prepared from dry pleain~weave carbon and glass fabrics
using the Ciba-Geigy XD-927 epoxy resin system. Although these laminates
were more difficult to prepare they did allow a direct comparison to be made
with previous experimental work in tension®®’ and compression“” and gave data
which it was hoped would be useful in the finite element modelling of the res-
ults obtained in these earlier expervimental studies®, When specimens are
prepared from dry fabric the use of a vacuum and an external presgssure are
particularly important to minimise the void content in the final laminate.

However this may lead to some resin loss during curing giving a higher fibre
fraction than originally intended. To limit this effect a smaller autoclave
was used for the dry fabric/epoxy resin laminates and a reduced vacuum of 25
inches of mercury was applied. The cure cycle required the temperature to
ve raised to 100°C over a period of one hour, to be held at this temperature
for 16 hours and then to be cooled to room temperature at a rate of 8°C/hour.

For the plain-weave composites the carbon fabric was woven from Toray 3000
filament fibre tows, type T300-3000A. The resulting fabric had a weight of
189g/m2 and an approximate thickness of 0.28mm. The fibres were supplied
with a surface treatment suitable for use with epoxy resin systens. The




fabric had a relatively coarse weave geometry with only 47 ends and picks pexr
10cm. The plain~weave glass fabric had a designation 11 x 2EC5 and was woven
from continuous E-glass fibres to give a weight of 96g/m2 and an approximate
thickness of 0.10mm. With 252 ends and 173 picks per 10cm the weave was much
finer than that for the carbon fabric. The fibre finish, type 205, was suit-
able for use with both epoxy and polyester resin systems.

As with the pre-preg material the all-carbon laminate was prepared from 24
layers of fabric, giving in this case a smaller finished laminate thickness
of only ~7.7mm and a fibre weight fraction of ~43%. For the all-glass lam-
inate, where the fabric was of a much finer weave, 60 layers were used, giving
a final laminate thickness of ~6.15mm and a fibre weight fraction of ~59%.
Several attempts were made at producing a hybrid laminate with alternating
carbon and glass reinforced plies. 1In the final version 18 carbon layers and
19 glass layers were used, giving a final laminate thickness of ~8.4mm and a
total fibre weight fraction of ~44% (carbon 65% to glass 35% by weight).

Cylindrical specimens, of 15mm nominal diameter, were cut from the finished
plates with the axis perpendicular to the plane of reinforcement, taking care
to minimise the resulting surface damage. Four 0°/90° strain gauge rosettes
were fixed to the specimen cylindrical surface on planes normal to the warp
and weft directions, see fig. 2, although in the all-carbon specimens it was
not possible to distinguish between these two directions.

EXPERIMENTAL TECHNIQUES

a) Quagi-Static Tests

Quasi-static tests were performed on a standard screw-driven Instron testing
machine at a crosshead speed of 0.2 in/min. The specimen was fixed between
two 19mm diameter titanium alloy loading bars, using Chemlok type 204 epoxy
adhesive, in series with a special strain-gauged load cell. To ensure axial-
ity of loading a pair of ball-and-socket joints were used to attach the load-
ing assembly to the testing machine, as shown in fig. 3a. The integrated
output from a pair of linear variable differential transformers (LVDT's) in
parallel with the specimen was used to monitor the overall displacement across
the specimen. Signals from the load cell, the LVDT's and the four pairs of
strain gauges attached to the specimen were recorded on channels 1, 2 and 3
to 6, respectively, of three dual-channel Datalabs type DL902 transient re-
corders, see fig. 3b, and subsequently transferred to floppy disc via an IBM
PC. The specimen strain gauges were arranged as shown in fig. 4 so that
transverse strains were recorded on channels 3 and 5 and longitudinal strains
on channels 4 and 6. In general the strain gauges for channels 3 and 4 were
fixed on the specimen surface normal to the weft direction while those for
Cchamnels 5 and 6 were fixed on the specimen surface normal to the warp dir-
ection*.

*But note that for the all-glass specimens this arrangement was reversed while
for the all carbon specimens the warp and weft directions could not be
distinguished




A typical set of traces from the six transient recorder channels for a quasi-
static test on the plain weave all-carbon laminate is given in fig. 5. These
traces relate, respectively, to the applied load, the overall displacement and
the signals from the four pairs of specimen strain gauges. The peak value
on the load cell signal corresponds to tensile failure of the adhesive at the
specimen/loading bar interface and is not a measure of the tensile strength
of the laminate normal to the interlaminar plane. The two traces of negative
sign, on channels 3 and 5, are a measure of the (compressive) transverse
strains in the warp and weft directions due to the tensile strain applied in
the through-thickness direction.

b) Impact Tests

At impact rates of strain the specimen was fixed in the same way between the
input and output bars of a tensile Hopkinson bar apparatus. The test set-up,
which is shown in fig. 6a, has been described previously(7). The only diff-
erences in the present arrangement are i) that the 3m long titanium alloy
loading bar which lies along the axis of the gas-gun also serves as the input
bar of the split Hopkinson-bar assembly and ii) the limitation to only six
recording channels meant that only one gauge station could be used on the in-
put side of the specimen, gauge station I in fig. 6b. As a result it is not
possible to use the Hopkinson-bar analysis to determine the specimen strain
during the course of the test. However the signal from the input bar gauge
station I does provide a check on the repeatability of the impact loading
applied to the specimen from one test t.o the next.

Signals from the gauge stations on the input and output bars and from the four
sets of strain gauges on the specimen were recorded in the same way as for the
quasi-static tests except that Datalabs type 912 dual~channel transient
recorders were used. These have the faster response time required for the
impact tests. Again the data was stored on floppy discs and subsequently
analysed using an IBM PC.

A typical set of traces from the six transient recorder channels for an impact
test on the same plain weave all-carbon laminate is given in figs. 7. In
this case these relate, respectively, to the input bar gauge station, the
output bar gauge station, which gives a direct measure of the load supported
by the specimen, and the four sets of specimen strain gauges. Here again the
peak load observed on the trace from strain gauge station III is due to tens-
ile failure in the adhesive layer between the specimen and the loading bar and
the two traces of negative sign, on channels 3 and 5, are a measure of the
(compressive) transverse strains in the warp and weft directions due to the
tensile strain applied in the through-thickness direction.
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RESULTS

a) Quasi-static tests

By cross-plotting the load cell data from fig. 5, corresponding to the applied
stress, against the data from channels 4 and 6, corresponding to the specimen
longitudinal strain, two estimates of the through-thickness tensile modulus,
E;, may be obtained. The stress—-strain curves so determined are shown in
figs. 8a and b. While neither is completely linear the mean slopes agree
very closely, giving moduli of 6.87GPa and 6.58GPa respectively. Similarly
by cross-plotting the data from channel 3 against that from channel 4, i.e.
the transverse strain v. the longitudinal strain on the plane perpendicular
to the weft direction, Poisson's ratio, v,;, may be determined while cross-
plotting data from channel 5 against that from channel 6 gives an estimate of
vize Results obtained in this way are shown in figs. 8¢ and d, the latter
showing an almost totally linear response. The corresponding values for
Poigson's ratio are found to be 0.091 and 0.123 respectively.

Similar sets of transient recorder traces and the corresponding stress-strain
and transverse strain-longitudinal strain curves are given in Appendix I for
the plain weave all-glass laminate, the hybrid laminate and the satin weave
pre-preg carbon laminate. Collected data from all the quasi-static tests are
listed in Table I below.

b) 1Impact Tests

In analysing the results of the impact tests allowance has to be made for the
time delay between the arrival of the loading wave at the specimen strain
gauges and its subsequent arrival at strain gauge position III on the output
bar. The wave speed in the through-thickness direction of the specimen may
be estimated with sufficient accuracy from the through-thickness tengile mod-
ulus determined in the quasi-static tests. Since the wave speed in the tit~
anium bar and the distances the wave has to travel are known, the time delay
may be estimated as shown in fig. 9. Although, strictly speaking, this time
delay should be different for the various laminate lay-ups and specimen thick-
nesses, in practice the differences were very small and a single time delay
was used, therefore, in all cases.

Apart from this allowance for the time delay the impact test data of fig. 7
are treated in exactly the same way as described above for the quasi-static
data of fig. 5. Through-thickness stress-strain curves obtained by cross-
plotting the data from gauge station III (channel 2) against those from
channels 4 and 6 are shown in figs. 10a and b and give mean tensile moduli of
9.19GPa and 8.96GPa, respectively, significantly higher than the quasi~static
values for the same material given above. Similarly, by cross-plotting the
data from channel 3 against those from channel 4 and the data from channel 5
against those from channel 6, see figs. 10c and 10d, estimates for Voz, of
0.111, and vqz, of 0.114, are obtained. Collected data from all the impact
tests are list-ed in Table II below.




TABLE | THROUGH-THICKNES:S ELASTIC PROPERTIES

QUASI-STATIC TESTS

Material Test No. Tensile Modulus (GPa) Poisson's Ratio
(E3) (E3), Vi3 Va3
{(chl/ché) {Chl/ch4) (ch§/ché) {(ch3/ch4)
Hybrid MT312 6.557 6.926 0.115 0.115
(37 plies) MT313 6.413 6.637 0.134 0.128
MT314 6.436 5.978 0.110 0.120
Mean 6.4720.07 6.51+0.47 0.120£0.012 0.121%0.007
Carbon MT316 6.461 6.684 0.081 0.108
(24 plies) MT317 6.583 6.867 0.123 0.091
MT318 - 6.941 0.112 0.113
MT319 6.458 (9.002)* 0.106 0.136
Mean 6.50+0.06 6.83%0.13 0.106+0.021 0.112%0.022
Glass MT308 5.971 6.253 0.138 0.174
(60 plies) MT309 6.530 6.770 0.145 0.170
MT310 6.212 5.719 0.152 0.189
MT311 5.416 5.901 0.156 0.174
Mean 6.0310.56 6.16+0.53 0.148£0.009 0.177%0.010
Pre-preg MT302 9.699 (8.821)* 0.090 0.096
(24 plies) MT304 9.885 9.773 0.092 0.097
MT305 9.294 9.825 0.128 0.111
MT306 9.605 9.847 0.104 0.091
MT320 11.073 10.496 0.096 0.108
Mean 9.91+0.89 9.99%0.36 0.1024#0.019 0.101%0.019

*(gsuspect result - ignore)




TABLE I THROUGH-THICKNESS ELASTIC PROPERTIES

IMPACT TESTS
Material Test No. Tensile Modulus (Gra) Poisson's Ratio
(E3)4 (E3)p V13 Va3
{ch2/ché6) (Ch2/ch4) (ch5/ché6) {ch3/ch4)
Hybrid MT101 - - 8.97 0.108 0.105
(37 plies) MT102 8.54 7.97 0.137 0.105
MT103 8.85 8.85 0.113 0.1i0
Mean 8.40+0.14 8.60%0.50 0.119%0.015 0.107+0.003
Carbon MT104 9.19 8.96 0.114 0.111
(24 plies) MT105 8.60 8.80 0.079 0.105
MT106 9.06 8.56 0.129 0.099
Mean 8.95+0.30 8.77+0.20 0.1074£0.025 0.105+0.006
Glass MT107 8.73 10.07 0.146 0.155
(60 plies) MT108 8.21 9.10 0.135 0.156
MT109 No stress signal 0.157 0.147
Mean 8.47+0.26 9.5940.49 0.146%0.011 0.153%0.005
Pre-preg MT111 Records on channels 5 and 6 0.080 -
(24 plies) MT112 No stress signal 0.088 0.078
MT113 12.64 12.00 0.113 0.086
Mean 12.64 12.00 0.094%0.017 0.082+0.004




DISCUSSION

From a comparison of the summarised results at the ends of Tables I and II it
is apparent that at both the quasi-static and the impact rate of strain the
value of the through-thickness tensile modulus, E;, is very similar for the
three plain-weave lay-ups. There is, however, a marked effect of strain
rate, the average modulus for the three lay-ups increasing from ~6.4210.77GPa
at the quasi-static rate to ~8.81+0.97GPa at the impact rate, a rise of over
35%. The pre-preg material has a higher through-thickness modulus at both
rates of strain but shows a smaller increase, from 9.94+0.89GPa at the quasi-
static rate to 12.32+0.32GPa at the impact rate, a rise of slightly less than
25%. These results contrast with the behaviour previously observed(® for
the in-plane tensile moduli in the two reinforcing directions where, at the
quasi-static rate, the modulus was much higher for the carbon than for the
glass-reinforced laminate, ~44.3GPa as compared to ~15.2GPz. At the impact
rate of loading these both increase, by about 36% to ~20.6GPa, for the glass-
reinforced laminate, but by only 10%, to ~48.9GPa, for the carbon-reinforced
laminate.

Thege differences in behaviour between the in-plane and through-thickness dir-
ections are not unexpected. Since the in-plane tensile moduli in the direct-
ions of reinforcement are likely to depend primarily on the stiffness of the
reinforcing fibres it is not surprising that they are found to be higher in
the carbon reinforced material. However the difference in rate-dependence
suggests that the matrix properties also play a part, presumably by resisting
more strongly the straightening of the fibres at the higher rate of strain.
The issue is complicated by the difference in the weave geometries, the glass
fabric being of a much finer weave than the carbon. This does allow the
possiblity, however, that the higher rate dependence »f the moduli for the
glags-reinforced laminate is due to higher local strain rates in the resin
associated with the finer weave geometry.

In contrast the through~thickness modulus is likely to depend primarily on the
properties of the resin. Thus a previous estimate® of the quasi-static
through~-thickness modulus, based on the assumption that the fibres could be
taken as effectively rigid and assuming a fibre volume fraction of 50%, gave
a value of 6GPa. This is very close to the measured values reported here
which support, therefore, the assumptions on which the earlier estimate was
made. However, if the three plain-weave laminates are considered separately
some differences in the rate dependence of Es, similar to those for the in-
plane moduli, are again apparent. As before the largest increase, by just
under 50%, is shown by the glass-reinforced laminate while the carbon rein-
forced and the hybrid laminates show a smaller increase of just over 30% in
each case. Again this may be due to the different weave geometries. In
this case, however, a second factor may operate, Because of the problems
experienced in accurately controlling the fibre volume fraction in the three
plain-weave laminates differences in the rate dependence of the transverse
modulus, E;, could arise from differences in the resin content. This would
be more likely, however, if the glass-reinforced laminate had the highest
resin content whereas in practice it had the lowest.




CONCLUSIONS

Four woven reinforced epoxy laminates were prepared using respectively a
plain~weave glass reinforcement, a plain-weave carbon reinforcement, a satin-
weave carbon reinforcement and a hybrid lay-up of plain-weave carbon and
plain-weave glass. The laminates were loaded in tension in a direction
normal to the plane of reinforcement at a quasi-static and an impact rate and
the elastic properties, transverse tensile mcdulus and Poisson's ratio, were
determined, using strain gauges attached directly to the specimen. A signif-
icant increase in the tensile modulus with strain rate was observed in all
cases. Only small changes were apparent in the measured values of Poisson's
ratio. These showed no consistent effect of strain rate and were probably
an indication of the accuracy of the experimental technique.




REFERENCES

K. Saka, R. K. Y. Li and J. Harding, Behaviour of Fibre-Reinforced
Composites under Dynamic Tension (Fourth Progress Report), OUEL Report
No. 1714/87.

J. Harding, K. Saka and M. E. C. Taylor, The Effect of Strain Rate on
the Tensile Failure of Woven-Reinforced Carbon/Glass Hybrid Composites,
in Proc. IMPACT 87, Impact Loading and Dynamic Behaviour of Materials,
eds. C. Y, Chiem, H.-D. Kunze and L. W. Meyer, (DGM Informationsgesell-
schafft mbH, Oberursel), 1988, vol. 1, pp. 515-522.

Y. L. Li, C. Ruiz and J. Harding, Failure RAnalysis of Woven Hybrid
Composites using a Finite Element Method, Composites Science and
Technology (in press).

Y., L. Li, ¢C¢. Ruiz and J. Harding, Failure Analysis of Woven Hybrid
Composite using a Finite Element Method, OUEL Report No. 1791/89.

K. Saka and J. Harding, The Deformation and Fracture of Hybrid
Reinforced Composites under Tensile Impact, Proc. IUTAM Colloquium on
Macro- and Micro—- Mechanisms of High Velocity Deformation and Fracture,
(Springer-Verlag, Berlin), 1988, pp. 97-111.

J. Harding, Y. L. Li, K. Saka and M. E. C. Taylor, Characterisation of
the Impact Strength of Woven Carbon Fibre/Epoxy Laminates, Proc. 4th.
Oxford Int. Conf. on Mechanical Behaviour of Materials at High Rates of
Strain, ed. J. Harding, Inst. cf Physics Conf. Ser. No. 102 (Inst. of
Physics, London and Bristol), 1989, 403-410.

K. Saka and J. Harding, Behaviour of Fibre Reinforced Composites under
Dynamic Tension, (Second Progress Report), OUEL Report No. 1602/85.

10




Breather felt (2 layers)

——

n
—
()
>
ke
™~
=
L
N—
@
e
-~
J
()]
e
m

Peel ply (4 layers

)

Metal base

Fig. 1 ARRANGEMENT OF AUTOCLAVE




RN (Through-thickness)
3
! r
A
1 / ' \ 2 T

Strain gauge
rosettes

(Warp)

Fig. 2 DEFINITION OF GIRECTIONS IN COMPOSITE SPECIMENS




k) Electronic Instrumentation

a) Loading Rig, Displacement Transducers and Specimen Gauges

Fig. 3 EXPERIMENTAL EQUIPMENT FOR QUASI-STATIC TESTING




N

\

/ \

S|auUUDYD J9PI0J3al JUBISUDI| nq nding uawioadg J0q nduyj

NIWIOFdS LS3L NO SILL3ISOH IONVYD NIVHLS 40 INIWIONVYHYY + Bl




QUASI-STATIC TEST ON PLAIN-WEAVE CAREON SPECIMEN
Load Cell Signal

250
o 200
E
o
o,
3
S 150 |-
=
%
L
3
L
& 00 |-
&
2
&

50 -

L i
0 § { 1
0 10 20 30 40
Time (seconds)
QUASI~STATIC TEST ON PLAIN-WEAVE CARBON SPECIMEN
Displacement Transducer Signal
300
250 |-

200 =~

100 -

i /

0 1 s 1
o 10 20 30 40
Time (seconds)

Transient Recorder Data Points
3
T

Fig. 5 TRANSIENT RECORDER TRACES FOR QUASI-STATIC TEST
CN PLAIN-WEAVE CARBON SPECIMEN

a) Load Cell Signal b) Displacement Transducer Signal




QUASI-STATIC TEST ON PLAIN-WEAVE CARBON SPECIMEN

Signal from Channel 3 Strain Gauge

Y g . oy

200 -

160 i~

100 i~

Transient Recorder Data Points

! 1
0 10 20 30 40
Time (seconds)

QUASI—-STATIC TEST ON PLAIN-WEAVE CARBON SPECIMEN

Signal from Channel 4 Strain Gauge

200 -

160 -

Transient Recorder Data Points

50 -

YA RN

0 1 1 1
0 10 20 30 40

Time (seconds)

Fig. 5 TRANSIENT RECORDER TRACES FOR QUASI-STATIC TEST
ON PLAIN-WEAVE CARBON SPECIMEN

€) Channel 3 Strain Gauge Signal d) Channel 4 Strain Gauge Signal




QUASI—STATIC TEST ON PLAIN-WEAVE CARBON SPECIMEN

Signal from Channel 5 Strain Gauge

260
. e e s U “
200 |-
3
2]
I
.
©
el
S 150 |-
£
3
o
3
5
o
b1
& 00 |-
-
o
[
)
&
®
ot
E—-A
s0 |-
0 1 { !
0 10 20 30 40
Time (seconds)
QUAST~STATIC TEST ON PLAIN-WEAVE CARBON SPECIMEN
Signal from Channel 6 Strain Gauge
260
200 |-
2
=
)
o,
©
-
S 150 |-
Bt
3
o
1
1
o
@
2 00 |-
-
&
)
B
g
©
$
E—d
50 |-
/ o -
0 ] ! {
0 10 20 30 10

Time (seconds)

Fig. 5 TRANSIENT RECORDER TRACES FOR QUASI-STATIC TEST
ON PLAIN-WEAVE CARBON SPECIMEN

e) Channel 5 Strain Gauge Signal f) Channel 6 Strain Gauge Signal




S1S3L LOVANI 3TISNIL HO4 dN-13S 1S31 B9 Ol

P1afoid _ fjquessy 189,
[eoHputied _lf > Ieg uosutydoj] o]
\ 110413837 J : :
) [ ) — u (A
MM_ lv A\ Rl ll Ll ool T T X IZoTT T2 20T = Y Aw
A
\\mi Y SISO IO IIII OGO ITE TNV \\«r.._
 —— Y 3 f T v i
\ \ HoAIasaY
Frord ieg
Buipror] Guipeor]
2
N @
% {
degy, /@\
I0yenday ounssald oA eA V 9afep
‘ Jutsyg juoa Suta
nw a oaren
oafep L1o1eg JTI0AIDSD Y|
( o (7
/.‘ JUDA 1I0ATDSIY
IBuLRLy AINLSIL | ofner)
OISO [ 11041080 Y]
TGO T RN _ - - ]




S1S3L 1OVdNI FTISNIL HO4 dN-13S HYg-NOSNIMJOH a9 ‘bid

xod
23pug
a8nen
urer}g

sadooaso[[s)
SuojiuoN 9f,

Ianduwod0Id1N

N

|

oo J1 L1 _
thﬂMOUUm ]
SIdYy 2R(] " _“ r<f|lslll|||||1
-qdury reusiq . __
— [ -
S—

AIIM v

yl

=

N

\\\\\\\ 1 uot3ie3s abneo

xeq Hutpeoi/3Indul

= W F.M_“._“m_
\\ _w&\
\\\ sabneb

II uor3eas abnes utex3s uswioads
pue uawioads

AN
III uoTaeas abneo

<

a2eq 3ndano




IMPACT TEST ON PLAIN —-WEAVE CARBON SPECIMEN

250

n
<
(=]

150

100

Transient Recorder Data Points

50

Signal from Strain Gauge Station I

I 1 1

0 100 200 300 400

Time (microseconds)

IMPACT TEST ON PLAIN-WEAVE CARBON SPECIMEN

250

200

150

100

Transient Recorder Data Points

50

Fig.

Signal from Strain Gauge Station III

|

HANAA AR
° e Time (micr::eoaconds) ° e
7 TRANSIENT RECORDER TRACES FOR IMPACT TEST

ON PLAIN-WEAVE CARBON SPECIMEN

a) Input bar Gauge Station 1 Signal b) Output bar Gauge Station III Signal




IMPACT TEST ON PLAIN -WEAVE CARBON SPECIMEN

Signel from Channel 3 Strain Gauge

- VVWWVWW

150 |~

100 =~

Transient Recorder Data Points

50 -

1] ! t L
4 100 200 300 400

Time (microseconds)

IMPACT TEST ON PLAIN —-WEAVE CARBON SPECIMEN

Signal from Channel 4 Stramn Gauge
250

150

100

Transient Recorder Data Points

\ . j MMMV\/\I”\/\/\/MNWMMN

0 100 200 300 400
Time (microseconds)

Fig. 7 TRANSIENT RECORDER TRACES FOR IMPACT TEST
ON PLAIN-WEAVE CARBON SPECIMEN

c) Channel 3 Strain Gauge Signal d) Channel 4 Strain Gauge Signal




IMPACT TEST ON PLAIN -WEAVE CARBON SPECIMEN

Signal from Channel 5 Strain Gauge

- I A

150 }-

100 -

Transient Recorder Data Points

50 t~

i I 1
0 100 200 300 400
Time (microseconds)

IMPACT TEST ON PLAIN-WEAVE CARBON SPECIMEN

Signal from Channel & Strain Gauge
250

200 -~

150 -

100 1~

Transient Recorder Data Points

[V o

o . j ﬁ[\l\m\f\f\mf«mx\/\m

0 100 200 300 400
Time (microseconds)

Fig. 7 TRANSIENT RECORDER TRACES FOR IMPACT TEST
ON PLAIN-WEAVE CARBON SPECIMEN

e) Channel 5 Strain Gauge Signal f) Channel 6 Strain Gauge Signal




Stress (MPa)

10

Stress (MPa)

Fig. 8a STRESS v LONGITUDINAL STRAIN

Plain—-Weave Carbon Specimen (chl v ché)

/ L L |
02

0.05 0.1 0.15
Longitudinal Strain (%)

Fig. 86 STRESS v LONGITUDINAL STRAIN

Plain-Weave Carbon Specimen (chl v ch4)

G ;-d: 1 H
015

0 005 01
Longitudinal Strain (%)

0.2




Transverse Strain (%)

Transverse Strain (%)

002

0015

001

0 005

0.02

0015

001

0005

Fig. 8¢ TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Plain—Weave Carbon Specimen (ch3 v ch4)

i { 1

0.05 0.1
Longitudinal Strain (%)

Fig. 8d TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Plain—-Weave Carbon Specimen (ch5 v ch6)

N

e

1

1

605

01
Longitudinal Strain (%)

02




siz.,1=P1  ‘wwg-,=7 104

H
(P1) Apjap awiy \
SH/ww 608+7=90
uawlioadg
: srjww [€9.2="0—"
.
_ —
S B 54 E—
Va | m |
/ | \ \
~ wuw g/ _
10q ndino _ / inq ndug
JI] uonois abnpg (57) yibua) abnpg

It NOILVLS 3ONVYHD HVE LNdLNO ANV SIFDNVD NIVHLS NIWIDILS NIIML3F AV13d INIL 6 Bid




40

Fig. 10a STRESS v LONGITUDINAL STRAIN

Impact Test on Plain—~Weave Carbon Specimen (chl v ch6)

30 - //’
©
o,
g
20 -
&
b
73
!.
10 /
T
e
/H f
9 & 1 1 1 1
0 01 02 03 0.4 05
Longitudinal Strain (%)
Fig. 105 STRESS v LONGITUDINAL STRAIN
Impact Test on Plain-Weave Carbon Specimen (chl v ch4)
40 —
/f/f//
30 |- /
©
&
<
20 b=
w —
/2]
©
5
i
0 |-
0 i’r{H 1 ! . :
02 03 0.4

Longitudinal Strain (%)

(]




Transverse Strain (%)

Transverse Strain (%)

.08

0065

004

003

002

001

cce

0.05

004

003

002

001

Fig. 10c TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Impact Test on Plain—Weave Carbon Specimen (ch3 v ch4)

Fig. 10d TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Impact Test on Plain-Weave Carbon Specimen (chS v ché)

02 03
Longitudinal Strain (%)

04

05

7

1 1

N

02 03
Longitudinal Strain (%)

0.4

05




APPENDIX |




Transient Recorder Data Points

Transient Recorder Data Points

250

150

100

S0

100

50

Faig. Alu RAW DATA FOR QUASI-STATIC TEST

Hybrid Carbon/Glass Specimen, Loed Cell Signal {ch1)

10

Fig. A16 RAW DATA FOR QUASI-STATIC TEST

Hybrid Carbon/Glass Specimen, Displacement Transducer Signal (ch2)

20
Time (seconds)

40

i

10

20
Time (seconds)

30

40




Transient Recorder Data Points

Transient Recorder Data Points

Fig. Alc RAW DATA FOR QUASI-STATIC TEST

Hybrid Carbon/Glass Specimen, Strain Gauge Signal (ch3)

s

200 -

150 —

50 -

0 1 1 Y

0 10 20 30
Time (seconds)

Fig. A1d RAW DATA FOR QUASI-STATIC TEST

Hybrid Carbon/Glass Specimen, Strain Gauge Signal (ch4)

150 -

100

L

0 ] 1 1

0 10 20 30
Time (seconds)




Transient Recorder Data Points

Transient Recorder Data Points

Fig. Ale RAW DATA FOR QUASI-STATIC TEST

Hybrid Carbon/Glass Specimen, Strain Gauge Signal (ch5)

250
150 f-
o 1lo 210 310 0
Time (seconds)
Fig. A1f RAW DATA FOR QUASI-STATIC TEST
Hybrid Carbon/Glass Specimen, Strain Gauge Signal (ch6)
200 {-

150 -

50

_.__—/

0 ! 1 |

0 10 20 30 40

Time (seconds)
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).x/

0026 | JJI/

002 |-

6015 —

0005 - r,rr

|

0 005 0.1 016 02 0.25
Longitudinal Strain (%)

Fig. A4dd TRANSVERSE STRAIN v LONGITUDINAL STRAIN
Quasi-Static Test on Hybrid Carbon/Glass Specimen {ch5 v ch6)

003
o

0026 |- rrrr'_,_rrr'
ooz J\rr,_r'fr‘

("

o
0015 J//N

T
001 |~
0005 - /JJ
r'fp
0 _J‘ 1 I 1 1 1
0 0.05 0.1 0.15 0.2 025

Longitudinal Strain (%)




15

10

Stress (MPa)

Stress {(MPa)

Fig. 45a STRESS v LONGITUDINAL STRAIN

Quasi—Static Test on Plain~Weave Glass Specimen (chl v chB)

T

5

e
o

15

Fig. A5b6 STRESS v LONGITUDINAL STRAIN

Quasi--Static Test on Plain—Weave Glass Specimen (chl v ch4)

a1

0.2
Longitudinal Strain (%)

03

04

~

e

1

o

02
Longitudinal Strain (%)

0.3

04




Transverse Strain (%)

Transverse Strain (%)

Fig. A5c TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Quasi-Static Test on Plain~Weave Glass Specimen (ch3 v ch4)

o -
ous | ,,—r'_/N
. /ﬁf

0 “"Jrrrfj ! l 4 : A ;

0 005 01 015 0z 0.25 03 035
Longitudinal Strain (%)

Fig. A5d TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Quasi—Static Test on Plain-Weave Glass Specimen (ch5 v ch6)

0.08

o

004 I~
003 -

002 -

0.01 }~- JJ_,J‘

1] f,frr/ | 1 £ ! 1 1

0 005 o1 015 02 0.25 03 035
Longitudinal Strain (%)




Stress (MPa)

12

10

Fig. A6a STRESS v LONGITUDINAL STRAIN

Quasi—Static Test on Satin-Weave Carbon Specimen (chl v ch6)

1 1 I ] 1 |

0 02 0.4 08 08 1 12
Longitudinal Strain (%)

Fig. A6b STRESS v LONGITUDINAL STRAIN

Quasi—Statlic Test on Satin—Weave Carbon Specimen (ch! v ch4)

Stress (MPa)

12

/

04

0.6 0.8
Longitudinal Strain (%)

12

14




-y

0.1

0.09

008

G o7

008

0.05

Transverse Strain (%)

a0

0.08

G o7

008

0056

004

Transverse Strain (%)

003

0.02

0.01

Fig. A6c TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Quasi—Static Test on Satin-Weave Carbon Specimen (ch3 v ch4)

e

i || {

02 04 06 08
Longitudinal Strain (%)

oy

Fig. A6d TRANSVERSE STRAIN v LONGITUDINAL STRAIN

Quasi—-Static Test on Satin—Weave Carbon Specimen (¢h5 v ché)

1

I !

0.2

04
Longitudinal Strain

[ 2] 08 1

(%)




APPENDIX I




A New Type Of Shear Specimen For
Measuring The Interlaminar Shear
Strength Under Impact Loading

Y.L.Li J.Harding C.Ruiz

Abstract

Two new designs of shear specimen, suitable for use in the Hopkinson bar
to measure the interlaminar shear strength in woven reinforced composite
materials at different strain rates, are presented in this report. The finite
element method was used to calculate the shear stress distribution along the
shear plane. The results show a more uniform shear stress in the second
design of specimen. The introduction of small notch to initiate shear failure
on a pre-chosen plane results in a small stress concentration near the notch
tip. However, this stress concentration is much smaller than that for the first
design, a double lap shear specimen, and for other specimens previously used
to measure impact shear strength.

1 Introduction

Hybrid composite materials have found wide application and there is a growing
need to characterize their behaviour under both static and impact loading. Gener-
ally, a hybrid composite material contains both low elongation and high elongation
fibres. The first failure is likely to be that of a low elongation fibre. The resulting
stress and strain distribution after failure of a carbon ply in a hybrid carbon/glass
tensile specimen has been studied|1] using the finite element method and three sub-
sequence failure modes have been identified. One is the fracture of the nearest high
elongation (glass) plies. Another is fracture of the nearest low elongation (carbon)
plies. These two modes are hoth induced by the tensile stress concentration at the
site of the first broken carbon ply. The third failure mode is delamination between
failure ply and the neighbouring plies due to the large shear stress concentration
on the interlaminar plane. Which mode of failure actually follows failure of the
first carbon ply is determined by the ratios of the tensile strength and interlaminar
shear strength to the respective applied tensile and shear stress close to the site
of the first ply failure. A knowledge of the interlaminar shear 'rength under high
rates of strain is also important when studying practical proble. 1 associated with
transverse impact of composite plates there delamination is a major failure mode.




The interlaminar shear strength plays an important role, therefore, not only in
failure analysis of hybrid composite materials but also in engineering design.

The measurement of interlaminar shear strength is a difficult problem under
static loading and it is certainly no easier under impact loading. For static loading,
the specimen should satisfy, or approximately satisfy, two conditions. One is that
the distribution of the shear stress in the failure plane should be uniform. The
other is that in the failure plane, the shear stress should be much larger than
the other stresses, approach a state of pure shear. For impact loading, besides
these two conditions, it is necessary that the specimen should be suitable for
testing in a dynamic loading device such as Hopkinson bar. In theory, thin tubular
specimens not only satisfy the two conditions for quasi-static loading, but also can
be used in the torsional Hopkinson bar system. It is an ideal design, therefore, for
comparing static and impact behaviour. However, when a composite material is to
be studied, thin tubular specimens are very difficult to manufacture. This design
has not, therefore, been adopted by many researchers. The search for a proper
shear specimen to measure the interlaminar shear strength is not over, especially
for impact loading conditions.

A larger number of testing procedures have been proposed and tried in an
attempt to measure the inplane and out of plane shear properties of composite
materials. These include the double lap shear test [2], the off-axis tension test (3],
the +£45° tension test [4-6], the two rail or three rail shear test [7-8], the slotted
tensile test (9], the plane-twist test [10], the short beam test [11-12), the losipescu
shear test [13-15) and the Arcan shear test [17-18]. Each of these experimental
methods has disadvantages and advantages. Some of them are briefly reviewed as
below.

1.1 The +45° shear test

The +45° shear test can be used to measure the inplane shear stress-strain response
of a laminate. The specimen is loaded in the direction of 4:45° from the principal
directions of reinforcement as shown in Fig. 1(a). If the modulus of reinforcement,
E4 and Ep, are known the inplane shear modulus G45 can be obtained from the
modulus in ihe 145" direciion using the orihoiropic iransformaiion equaiion:

4 1 1 2uup1tY
Gap= |7 — 7 - 1
AB=1\E,~E, Ly L, (1)

where v4p is Poisson ratio. An alternative method for determining the shear
modulus was proposed by Petit{5] using a single tension test on a [+45°], laminate.
In the simplified form developed by Rosen[6] this gives

Gap = 0-/2(ex — €y) (2)
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where the x-direction, the direction of loading, is at :45° to the reinforcing direc-
tions so that the shear stress and strain are given by

TAB = 02/2 YAB = €z — €y

the shear stress can also be expressed as following equation:

P
TAB = 5 4 (3)

where P is the magnitude of loading in 445° or -45° off fibre direction. A is the
section area of tensile coupon. The specimen can be easily used under static and
impact condition. Unfortunately, the +45° shear test only provides the inplane
shear stiffness and the strength. The interlaminar shear properties cannot be
measured using this specimen.

1.2 The two rail or three rail shear test

The two rail shear test first was introduced to measure the shear properties of
composite material by Hennessey el al [7]. The shear stress is applied to the
plate specimen by gripping the plate along one side and then applying the load
along the opposite side as shown in Fig. 1(b). The shear stress in the central
region of specimen is assumed to be uniform. It can be determined by the simple
relationship:

p
T= (4)

where A is the section area parallel to the gripping side and P is the applied load.
Whitney [19] and Garciam [20] show that the test area length-lo-width aspect ratio
has a major effect on the siress distribution, the magnitude of the effect varying
with the laminate. Reference(19] suggests that the aspect ratio of the test section
should be at least 10 in order to achieve a nearly uniform shear stress distribution.
Unfortunately increasing the length can induce a strong stress concentration at
the cornur of the specimen so that early failure occur at this point,

The rail shear test was expected to provide the shear properties for laminates
with arbitrarily orientated plies However, ac painted out hy Whitney [19] the
presence of a large percentage of £45° plies can cause stress singularities at the
frame corners which distort the stress distribution throughout the test section.
The rail shear test is designed for measuring the inplane shear properties . It
cannot be used to measure the out of planc properties or under impact conditions.

The three rail shear test is just a symmelrical version of the two rail shear test.




1.3 Slotted tensile test

The slotted tension shear test was suggested and developed for measuring the in-
plane properties of composite materials by Duggan [9]. It is based on the principle
that the biaxial normal stress is equivalent to pure shear stress on the plane ori-
entated +£45° relative to the orthogonal axes of applied load if the magnitude of
normal stresses is equal and the direction is opposite as shown in Fig. 1(c). The
stress state can be simulated by loading a tension coupon in the tension along it’s
major axis and simultaneously compressing it along a portion of it’s length in the
transverse direction. The axially orientated slots in the specimen insure that the
compressive force is transmitted only through the rectangular test section so that
the shear stress state will be statically determinate to a good approximation. The
shear stress in the test section is given by following equation:

T=o0 (5)

where o is the magnitude of the tension and compression stress in the axial and
the normal direction respectively. As pointed out in reference [9], the slotted
shear test is both an inexpensive and material efficient test for measuring shear
properties of isotropic or fibre reinforced materials. Nor are any restrictions on
fibre orientation or ply-stacking order placed on the material to be tested. The
problem is that special biaxial test equipment is required. This is often not readily
available. Also out of plane properties cannot be obtained from the test nor can
the shear properties under impact loading.

1.4 The plate twisting test

The plate twisting test is another method design to measure the inplane shear
properties. It was introduced first to measure the shear properties of orthotropic
materials by Hearmon el al [10] and was later improved by Tsai [21]. The principle
of this method is based on the solution of the differential equation for an anisotropic
plate under uniform bending and twisting moments. The specimen is a square
plate fixed at three corners and loaded perpendicular to the plate at the fourth
corner as shown in Fig. 1(d). In this case, the relationship between the deflection
of loaded corner and the inplane shear modulus is given:
, 3PP

Cey = 377, (6)
where P is the applied load, | and h are the length and thickness of the square
plate, respectively and Wy, ic the deflection at the loading point. If the deflection
Wy, for a given load P can be measured, the shear modulus can be determined.
This method can only be used to measure the inplane shear modulus of orthotropic
materials. It is not available to most engineering materials and has not found wide
application to composite materials.
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1.5 The short beam test

The short beam shear test has become very widely used for characterizing the
interlaminar shear strength of fibre reinforced composites. It involves loading a
beam under either three or four point bending with the span to thickness dimen-
sions such that an interlaminar shear failure is induced as shown in Fig. 1(e). The
simplicity of the test makes it very popular as a materials screening tool and it has
become a standard test methed in America for measuring the interlaminar shear
strength of composites. For the short beam specimen, the shear strength can be
calculated from the classical relationship:
r

T 4bh ™
where 7 is the maximum interlaminar shear stress at failure, P is the maximum
applied load and b and h are the width and thickness of the specimen respec-
tively. Many studies have been done of short beam test, both experimental and
analytical{11-12]. The results of stress analysis show that stress concentrations in
the region of loading are very high. The strong compressive stress under the load-
ing point can lead to a failure mode for specimen by compressive buckling or by a
combination of compression and shear. The best way is to induce initial damage
in the form of a vertical crack. However this makes the shear stress distribution
not to be uniform so that shear stress concentrations appear in the specimen.
Despite this disadvantage, the short beam specimen is still used to measure the
interlaminar shear strength of composites because a better substitute has not yet
been found.

1.6 Iosipescu shear test

The losipescu shear specimen was used in composite materials first by Walrath
and Adams[13] in 1982. Since when there has been a rapidly increasing interest in
the use of this test as a method for determining the shear properties of composite
materials. A similar test method, the four point bending shear test has also been
proposed. The specimen is strip shape with two symmetrical notches. A 110° notch
angle and a notch depth of 20% of the specimen height have been suggested. The
specimen is loaded anti-symmetrically as shown in Fig. 1{f). A state of nearly pure
shear can be obtained in the notch region. The shear strain can be determining
from strain gauges in the pure shear region. The shear stress is derived from the
applied force divided by the net cross section,

P
= e )

T

where W is the net width between the two notches and t is the thickness of the
specimen. The losipescu shear specimen can be used not only for measuring the
shiear strength but also for obtaining the shear stress - strain curve. The in-plane




and out of plane shear properties can be determined by using specimens with
different lay-up sequences and fibre orientations. In other words, the interlaminar
shear properties can also be measured using this test method. However although
the Iosipescu shear test is a very good method for measuring the interlaminar
shear properties under static condition, even though the notch is very difficult to
prepare and the specimen is expensive to make, No one has yet been able to use
this specimen under impact loading.

1.7 The double lap shear test

The double lap shear test has been used for measuring the interlaminar shear
strength of woven hybrid composite material by the Impact Testing Group at
Oxford [2]. The specimen is very easy to prepare but the principal advantage
is that it is very convenient to test under impact as well as static loading. The
specimen is a symmetrical design, as shown in Fig. 2, with two lap joints. The
shear stress in the overlap region is assumed to be uniform and given by the simple
relationship.

P
=54 M
where A is the overlap area of the joint and P is the applied load. A full stress
analysis has been done for this specimen using the finite element method. This
is descried in detail in the next section. The results show that the shear stress
distribution is far from uniform, there being large shear stress concentrations at
the end of the of overlap regions. The interlaminar shear strength measured using
this specimen, therefore, is just a rough estimate and cannot be applied directly
to the engineering design. Also, it should be noted, that this specimen is specially
designed to measure the interlaminar shear strength. The inplane shear properties
cannot be measured using this specimen.

The shear test methods mentioned above are those often used. Other tech-
niques, not discussed, include the split-ring shear test, the cross-sandwich beam
test and the Arcan shear test. It can be seen that which many test methods can
be used to measure the in-plane shear properties of composite materials only two
method, the short beam test, losipescu shear test and the double lap shear test,

some disadvantages. So to find a ideal method for measuring the interlaminar
shear properties under static conditions is still a task for researchers.

Under impact loading, the situation is much difficult. Most of the above shear
tests method cannot be used under dynamic loading conditions because the limita-
tion imposed if wave propagation in loading device is to be adequately monitored.
For the in-plane shear properties, the +45° off-axis tensile test using the split
Hopkinson bar loading system is a very good method for determining both shear
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strength and the stress-strain curve [4]. For the interlaminar shear properties,
several version of the short beam specimen test have been completed. Sayers and
Harris (22}, Werner and Dharam [23], Chiem and Liu (24], again used the Hopkin-
son bar loading system, in attempt to measure the impact shear strength of carbon
fibre composite. Conflicting results have been obtained. Thus both references(22]
and [24] show that the interlaminar shear strength is dependent on the strain rate
while the results in reference[23] show the interlaminar shear strength to be rate
independent.

In the present report the double lap shear specimen is analysed and the shear
stress distribution along the interface for different woven hybrid lay-up is calcu-
lated. Experimental results are reported which show a significant increase in the
interface shear strength between the woven carbon/epoxy plies with increasing
rate. In view, however, of the highly non uniform shear stress distribution in the
interlaminar plane an improved version of the shear test is prepared. In the mod-
ified test the shear stress distribution along the shear plane has been determined
using finite element method and both a two dimensional and a three dimensional
mesh. The results show that the shear stress distribution is more uniform in the
new version of shear specimen and there is agreement between the results of the
two dimensional and the three dimensional analyses .

2 The Double Lap Shear test

2.1 The experimental technique

Several alternative designs of double lap interlaminar shear specimen were investi-
gated before that shown in Fig. 2 was chosen. " 1e specimen has a total length of
60 mm and a width of 10 mm. The shear zone . ngth, 7 mm, was determired by
the need for interlaminar shear failure to occur at a lower load than a tensile failure
in other parts of the specimen. Initial tests were performed on specimens fabri-
cated from a 5 end salin weave carbor/epoxy pre-preg manufactured by Hexcel
and Genin using a type ES.36 self-adhesive epoxy resin and having a fibre weight
fraction of 52% and an uncured pre-preg weight of 548 g/m?. The fibre was woven
from 3000 filament fibre tows with, respeciively, 70 and 72 yarns per 10 cm in
the warp and weft directions and having a dry weight of 285 g/m?. Eight layers
of pre-preg were used, with metal and PTFE spacers as shown, and a standard
curing cycle was applied(2].

At quasi-static rates the specimen was fixed with epoxy adhesive into parallel-
sided slots 20 mm deep in two loading bars. These were then pulled in tension
in a standard Instron testing machine and the load at which the specimen failed
was determined. Al impact rates of loading the specimen was fixed in the same
way between the input and output bars of a standard tensile split Hopkinson bar




Table 1: Effect of strain rate on the interlaminar shear strength

" Shear strength (MPa)
Specimen No. | 1 2 |3 average
Quasi-static [ 35.3 | 31.0 | 34.0 | 33.4 1+ 2
Impact 54.2 | 53.4 | 55.2 | 54.34+:0.9

apparatus. From strain gauges on the output bar a signal was obtained which was
proportional both to the load supported by the specimen and to the velocity at the
specimen/output bar input face. Similar signals from two strain gauge stations on
the input bar allowed the velocity at the specimen/input bar interface and hence
also the overall displacement across the ends of the specimen to be determined.
From these measurements some estimate of the strain rate across the interlaminar
region may be made.

2.2 Experimental results

Typical strain gauge records from such a test are shown in Figs. 3 (a), (b), and (c)
for the two input bar and one output bar stations. Assuming interlaminar shear
failure occured at the peak load for the record of Fig. 3 (c) and that the load was
equally shared between the two interlaminar failure planes, the average stress on
the interlaminar plane was 57 MPa. The failed specimen is shown in Fig. 4. Three
such tests were performed and the interlaminar shear strengths so determined are
compared in Table 1 with the results from three similar tests at a quasi-static rate.
A marked increase in the interlaminar shear strength with increasing strain rate
is apparent.

2.3 Finite element analysis of double lap specimen

The finite element mesh used in a two dimensional stress analysis of the double
lap specimen is shown in Fig. 5. There are 120 isoparametrical elements, each
with eight nodes. Since the specimen is symmetrical about the center line only
half is modelled. As the original motive behind this work was an interest in the
impact response of hybrid composites the finite ¢lement analysis has performed
for four different ply lay-ups, an all carbon, an all glass and two hybrid lay-ups,
one with four inner plies reinforced with carbon and the outer two each of glass
and the other with the four inner layers of glass and outer tw» each of carbon.
These are illustrated in Fig. 6 (a), (b), (c) and (d) respectively. Only the first of
these corresponds to the experimental arrangement described above. The applied
loading, 245 KN, is the same in four analyses, giving a average shear stress on the
interlaminar plane of 35 MPa, about the level at which the all carbon lay-up failed
in the quasi-static tests.
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Fig. 4 Failed Specimen
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The elastic properties assumed for the carbon and glass reinforced plies were
the same as those used in the earlier report[i]. The results of the finite element
analyses are shown in Figs. 7 (a),(b),(c) and (d) for the four lay-ups in Fig. 6 (a),
(b), (c) and (d), respectively. The variation in the shear stress on the interlaminar
plane over the 7 mun shear zone length and for a further 3.5 mm to either side
is shown in each case. For the all carbon and all glass lay-ups the same general
trend is observed with very marked, and nearly equal, shear stress concentrations
at either end of the shear zone and a minimum shear stress at the mid-point of
the shear zone. The ratio of maximum to minimum shear stress is less for the all
carbon specimen, about 5.5 : 1, than for the all glass specimen, where it rises to
about 9 : 1. The effect of using lay-ups with different reinforcing fibres on either
side of the interface is to increase one of these stress concentrations while reducing
the other. Thus, when the four inner plies are gl 1ss reinforced the maximum shear
stress rises to about 140 MPa at the input end and falls to about 50 MPa at the
output end. With a minimum shear stress of about 20 MPa the ratio of maximum
to minimum shear stress becomes 14 : 1. The reverse effect is obtained when the
four inner plies are carbon reinforced, the corresponding shear stress values being,
respectively, 46 MPa, 147 MPa and 10 MPa, giving a maximum to minimum ratio
again of about 14 : 1.

From these results it is clear that even in the best case, i.e. the all carbon
lay-up, the shear stress variation is very large so that experimental measurements
made with this design of specimen can only give an average value of interlaminar
shear strength at the given rate of loading. If these large stress concentrations
lead to an early initiation of failure this average value may be a underestimate of
the true interlaminar shear strength under a uniform shear loading. It should be
noted, However, that the shear stress distribution on the interlaminar plane close
to a ply tensile failure{1] shown a very similar variation to that found here so that,
in practice, the present results may be more directly relevant to that particular
problem. In the all glass lay-up, Fig. 7 (d), the lower elastic moduli lead to greater
bending deflections and a bigger variation of shear stress on the interlaminar plane.
Introducing different reinforcing fibres either side of interlaminar plane, Figs. 7
(b) and (c), make the problem significantly worse. These results suggest that,
if this type of specimen is to he used to determine the effect of loading rate on
the interlaminar shear strength at the interface between a carbon reinforced and
a glass reinforced ply, the optimum lay-up would have all plies carbon reinforced
except for the two plies on the inner surface of each shear zone, see Fig. 6(e).
Since this general design of specimen is reasonably easy to both fabricate and test
and may be expected to give results indicating the general trends in the effect of
loading rate on the interlaminar shear strength it has value in investigating overall
effects. For a more precise determination of interlaminar shear strengths, however,
an improved specimen design is required. This is the subject of the next section.
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3 Improved Interlaminar Shear Specimen

3.1 Specimen design and test method

The results of the finite element analyses of the different lay-ups in the double
lap shear specimen suggest that the greater the bending stiffness of the material
either side of the shear interface the smaller the variation in shear stress on the
interface plane. This bending stiffness can be increased by replacing parts of the
composite specimen with metallic back-up pieces. A possible way of doing this is
illustrated in Fig. 8. Two thin composite laminates, forming a double specimen,
are fixed with epoxy adhesive between a parallel-sided slot in the large diameter
input bar and a thin flat plate integral with the smaller diameter output bar. The
input and output bar may form part of a split Hopkinson bar system, for testing
in either tension or compression, so that specimen arrangement is suitable for use
under impact loading. A major drawback is that there is no longer a well-defined
interlaminar failure plane and there may well be a tendency for failure to occur
at the loading-bar/specimen interface. To meet these two problems it is proposed
that when fabricating the specimens thin strips of PTFE should be inserted at each
end of the interlaminar plane on which it was desired that the specimens should
fail, i.e. a carbon-carbon, glass- glass, or carbon-glass interface as required. After
curing the laminate and cutting the test specimens to size, 10mm x Tmm x 1.5mm,
the PTFE is removed to leave two “notches” and a reduced cross-section to carry
the shear loading

Before constructing this modified testing system several finite element analyses
were carried out to determine whether the shear stress on the expected failure plane
was sufficiently uniform and significantly higher than those on other planes in the
specimen. The results of these analyses are described below.

3.2 Two-dimensional finite element analysis of modified
shear test

The large bar effectively acts as a stiff grip and the magnitude of its bending
stiffness is very important in reducing the shear stress variation on the failure
plane. To allow a two-dimensional analysis, therefore, the large bar assumed to
have a rectangular cross-section of total depth 12 mm which gave the same bending
sliffness as that for the part circular cross-section, diameter 19 mm, which it
actually has at section AA, see Fig. 8.

With this assumption and the finite element mesh shown in Fig. 9 five different
specimen lay-ups were studied, an all-call specimen with and without notches
introduced by means of PI'FE strips, an all-glass lay-up with such notches, and
two hybrid lay-ups, also with notches, one with the carbon plies fixed to the
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input bar and the other with the carbon plies fixed to the output bar. Interface
elements arc used to model the notch region. These allow the surface to slide
laterally but prevent that two surfaces overlap in normal direction. The results
of these analyses, showing the variation in the shear stress over the 10 1nm length
of central interlaminar shear plane are given in Fig. 10 t» Figs. 11 (a) to (d)
respectively. and

Comparing the two analyses for the all-carbon lay-up it is apparent both that
the shear stress distribution is much more uniform here thai. in the previous double
lap design and also that the presence of the notches, which are of nominal length
1 mm and so reduce the shear zone length to 8 mm, has only a small effect on the
stress distribution. The ratio of the maximum to the minimum shear stress on the
interface increasing slightly, from 1.4 : | without notches to 1.7 : 1 with notches.
In both cases this is much better than the ratio of 5.5 : 1 for the all carbon lay-up
in the double lap shear specimen. Comparing the analyses for the four notched
snecimens, Figs. 11 (a), (b), (¢) and (c), it can be seen that the ratio of maximum
to minimum shear strcss on the failure plane is almost constant, i.e. it does not
depend on the particular hybrid lay-up. This is an important advantage of this
design of specimen. There is, however, an apparent negative shear stress at each
end of the failure plane in the region of the notches whenever they are prevent.

3.3 Three-dimensional finite element analysis of modified
shear test

In the two-dimensional analysis the input bar at section A-A was taken to have
a rectangular cross-section of the same bending stiffness as that for the actual
circular cross-section. In order to check the validity of this assumption and also
to permit an estimate of the shear stress variation in the width direction a three-
dimensional finite element analysis has been performed. Both 20-node and 15-node
element were used and the mesh, shown in Fig. 12, includes parts of input and
output bars. The same load is applied as in the previous two-dimensional analysis
and the same five specimen conditions were studied.

Results for the variation of shear stress on the interlaminar plane in the loading
direction along either the centre-line or the edge of the specimen are shown in Figs.
13 and Fig. 14 (a), (b), (c) and (d). In each case the shear stress is higher, by
about 30%, at the edge of the specimen than at the center. This may be due to an
increased effective bending stiffness of input bar near the edges of specimen due
to the overshoot of the bar either side of the specimen. This could be checked by
analyzing for a redesigned input bar with this region having a rectangular cross-
section. If this were to give a better stress distribution it would be relatively easy
to modify the existing inpul bar along those lines.
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Without notcheés the all carbon lay-up shows a almost constant shear stress
distribution. Introduction of notches leads to a marked shear stress concentration
at each end of the shear region in all four lay-ups but. over most of the intervening
region the shear stress is again almost constant. As with the two-dimensional
analysis the ratio of maximum to minimum shear stress along the center-line, 1.8
: 1 for all carbon and 1.6 : 1 for the all glass, is almost independent of the hybrid
lay-up. This is also true of the shear stress variation along the outer edge of the
specimen where the corresponding ratio ranges 1.9 : 1 for the all carbon lay-up to
1.7 : 1 for all glass lay-up.

4 Summary

So far experimental results have only been obtained for an all carbon lay-up using
the double lap shear specimen. An all glass lay-up has been prepared and double
lap shear tests on this material are about to be performed. In view of the much
better shear stress distribution on the failure plane for the modified shear test,
loading bars to this design have been constructed and strain gauges fixed.
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The Interlaminar Shear Strength of
Woven Carbon,Woven Glass and Woven

Carbon/Glass Hybrid Laminates Under
Static and Impact Loading

Y.L.Li, J.Harding and M. E. C. Taylor
Department of Engineering Science
University of oxford

Abstract

In this report, double-lap shear specimens are prepared from woven carbon
and woven glass plies and the shear strength detemined on the interlaminar
plane between 1) two carbon plies, 2) two glass plies and 3) one carbon and
one glass ply specimens were prepared from dry woven mats hand lay-up in
an epoxy resin matrix. All carbon specimens were also prepared from a satin
weave carbon /epoxy pre-preg. Tests are performed under static loading using
an Instron Testing Machine and under impact loading using a tensile split
Hopkinson bar. The results show that the interlaminar shear stress is highest
for the specimens prepared from the carbon/epoxy pre-preg under both static
loading and impact loading. For the specimens prepared from dry woven mats
and epoxy resin under static loading the interlaminar shear strength is highest
for the hybrid hand lay-up and is lowest for the all glass hand lay-up. For
the all carbon hand lay-up the interlaminar shear strength 1s slightly less
than that of the hybrid specimen. The results also show that interlaminar
shear strength is remarkably strain rate dependent. The interlaminar-shear
strength increases by about 72.6% under impact loading for the all glass
material, 70.4% for the all carbon material and 55.6% for the hybrid material.
Under impact loading theé interlaminar shear strength is highest for the all
carbon hand lay-up and is lowest for the all glass hand lay-up. For the hybrid
specimen it is slightly less than for the all carbon hand lay-up.
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1 Introduction

In many cases composite materials are used in the form of laminates. This is
especially true for the woven composite materials. In such materials delamina-
tion is one of the main failure modes. The critical value of the interlaminar shear
strength for failure, therefore, is a very important parameter for engineering design
and the analytical study of the failure process [1). The experimental measurement
of the interlaminar shear strength is very difficult. The main reason is that the
thickness of composite laminates.is very small compared with the other dimen-
sions. It is extremely difficult, therefore, to obtain a pure shear state along the
thickness direction so that the failure is dominated by shear. There are only a few
reports (2,3] concerned with the interlaminar shear strength measurement up to
now, particularly under dynamic loading[4,5].

The first type of specimen used to measure the interlaminar shear strength
under static and impact loading in Oxford was a thin-walled tubular specimen.
This was tested in a torsional split Hopkinson bar apparatus[6|. More recently a
double lap design of shear specimen has been developed[7]. The advantages of this
specimen design are that the specimen can be loaded easily in the split Hopkinson
tension bar device, the specimen failure is dominated by the interlaminar shear
stress and failure occurs on a predetermined plane. It is possible, therefore, to
measure the interlaminar shear sirength between a carbon ply and a glass ply
in the hybrid specimen. In reference(8] the interlaminar shear stress distribution
along the shear failure plane for three different double-lap specimens are calculated
using the finite element method. The results show that the shear stress distribution
is far from uniform. There are shear stress concentrations at each end of the
failure plane. This is a general problem in the design of shear specimens. So the
experimental results measured using this specimen design give only an approximate
estimate of the interlaminar shear strength. Howcver, this specimen may be used
to compare the interlaminar shear strength at different strain rates and for different
types of interface.

In this report, the interlaminar shear strengths between two carbon plies, two

glass plies and a carbon ply and a glass ply are experimentally measured under
static loading and imipact loadifig using the double lap shear specimen,

2 Experimental techniques

2.1 Materials and specimens

The double lap shear specimen design is shown in Fig. 1. The shear stress
distribution along failure plane can be found in réferencé(8]. The materials of
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specimen are pre-preg of all carbon and hand lay-up of all carbon, all glass and
carbon/glass hybrid.

2.1.1 Pre-preg of all carbon

For the initial tests, the specimens were made from a woven carbon/epoxy pre-
preg available in the laboratory. This employed a 5-end satin weave fabric, woven
from 3000 filament fibre tows with, respectively, 70 and 72 yarns per 10 cm in the
warp and weft directions, and having a dry weight of 285g/m?. The pre-preg was
manufactured by Hexcel and Genin using a type ES. 36 self-adhesive epoxy resin
to give a fibre weight fraction of 52% and an uncured pre-preg weight of 548g/m?.
Eight layers of pre-preg were laid up, using metal spacers covered with PTFE as
shown in Fig. 2, and then covered by peel ply, pin-prink film, breather fabric and
Nylon bagging film as shown in Fig. 3. This was then placed inside an autoclave
at an air pressure of 90 psi on top of the Nylon bagging film and evacuated to 20
inches of mercury underneath the Nylon bagging film. The auioclave was placed
inside a small oven. The temperature was raised over a period of an hour to 125°C,
held for 2 hours and then allowed to cool to room temperature. Specimens of 10
mm width were cut from the resulting laminates using a diamond saw.

2.1.2 Hand lay-up

When specimens are prepared from dry fabrics the use of a vaccum and a high
pressure is particularly important if the void content of the final materials is to
be minimized. However under high pressure some resin loss occurs making the
final fibre volume fraction higher than intended. In order to reduce resin loss a
small autoclave of 160 x 90 x 10 mm inside dimension was used. The arrangement
inside the small autoclave, as shown in Fig. 4, is similar to that for the pre-preg
material. Three metal plates covered by PTFE were used to make sure that the
laminate is of double lap shape in section and the overlap length is about 7 mm.
The material in the small autoclave, as for the pre-preg lay-up, was covered by
peel ply, pin-prink film, breather fabric and Nylon bagging film but only evacuated
to 25 inches of mercury underneath the Nylon bagging film to limit resin loss.

The matrix uses the Ciba-Geigy XD 927 epoxy resin system, with 100 parts
by weight of resin to 36 parts by weight of hardener ahd a cure schedule in which
the temperature raised over a period of an hour to 100°C, held for 16 hours and
then allow to cool to room temperature at the rate of 8°C/hour.

All dry fabrics were of plain weave construction. The carbon fibre fabric was
woven from Toray 3000 filament fibre tows, type T300 - 30004, and had a weight of
189g/m? and an approximate thickness of 0.28 mm. The fibres were supplied with
a surface treatment suitable for use with epoxy resin. The fabric has a relatively
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coarse weave geometry, with only 47 ends and picks per 10 cm. The glass fabric
was woven from continues E - glass fabrics, designation 11 x 2EC5, and has a
weight of 96g/m? and approximate thickness of 0.10 mm. With 252 ends and 173
picks per 10 cm, the weave was much finer than for the carbon fabrics. The fibre
finish type 205, was suitable for both epoxy and polyester resin.

For the all carbon shear specimen two different stacking sequences were used
as shown in Fig. 5 (a) and (b). One is composed of a total of eight layers and
the fibre weight fraction is 39.0%. These specimen was found to fail along the
pre-chosen failure plane under static loading but to fail in tension in the central
part under the dynamic loading. For this reason the second lay-up was prepared
with 5 plies in the central region (fibre weight fraction 45.7%). All these specimen
failed in shear under impact loading although some still also failed simultaneously
in tension.

Finite element analysis[8] indicate that for the hybrid specimen shear stress
variation on the failure plane are minimized if the stacking sequence show in Fig.
5(c) is used. With this lay-up shear failures were obtained under static loading
but tensile failures were sometimes obtained under impact loading. Here again,
therefore, an improved lay-up, see Fig. 5(d), was used which gave shear failure
under dynamic loading. In this case simultaneous tensile failures were sometimes
obtained , this time in one of the outer ligaments.

The lay-up for the all glass specimens is shown in Fig. 5(e) with 11 plies in
the central part. Two different laminates were prepared, the first having received
a modified curing schedule, remaining for 13 hours at ambient temperature before
the temperature was raised to 100°. Specimens from both laminate failed by shear
at both loading rate. Table 1 list the various types of specimen and the strain
rates at which they were tested.

2.2 Equipment
2.2.1 Loading system

For quasi-static tests in the Instron Test Machine the specimen is glued between
two small slotted bars one of which has a strain gauge load cell with a static
calibration of 428V /kN. The integrated outpu! from a pair of linear variable
differential transformer is used to determine the displacement across the specimen.

The impact tests are performed used a split tensile Hopkinson bar loading
by means of a gas-gun shown schematically in Fig. 6 and in the photograph of
Fig. 7 and Fig. 8. In this arrangement, the projectile is cylindrical in form and
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(a) All Carbon Pre-Preg 2nd Hand Lay-Up (1) (8 plies)

(b) All Carbon hand Lay-Up (2)(11 Plies)

= —
t —
_ (c) Hybrid hand Lay-Up (1)(11 Plies)
3
e —— J
(d) Hybrid hand Lay-Up (2)(14 Plies)
==
e =
e >

(e) All Glass hand Lay-Up (25 Plies)

Fig. 5 Stacking Sequence of the Specimens
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Fig. 7 General View of Tensile Gas-gun
] T
o - T

Fig. 8 Hopkinson Bar Test Assembly for Tensile Gas-gun -
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Table 1: Test having been done

interlaminar carbon/ carbon/ glass/

zone carbon glass glass

resin

percentage | 39.0 | 45.7 49.1 42.0 52.5 56.7
number of

layer 8 11 T+4*}10+4 11 11
central

layers 4 ) 3+4 | 4+4 5 5

test static | static static | static static static
situation dynamic dynamic | dynamic | dynamic

7 4+ 4*: seven layers of carbon reinforced ply and four layers of
glass reinforced ply.

slides freely on the loading bar which extends through the back of the gun to the
split Hopkinson bar test assembly. When the projectile impacts the loading block,
which is attached to the right-hand end of the loading bar, a tensile wave is set
up which travels back along the loading bar to the test assembly. This consists of
the input bar, the specimen and the output bar.

There are two gauge stations on the input bar which can record the incident
stress wave and reflecting stress wave and one gauge station on the output bar
which records the output stress wave. At each gauge station, four electrical re-
sistance strain gauges were attached at 90° intervals and wired in opposite pairs
to maximise the sensitivity of strain measurement and cancel any bending strain.
The gauges were connected to a purpose built bridge circuit box with a stabilized
bridge voltage of 5 volts. A static calibration gives 643.24 uV/kN for gauge sta-
tion I, 609.65 pV/kN for gauge station II and 642.12 pV/kN for output bar gauge
station.

2.2.2 Electronic recording equipment

The signals from the three gauge stations are amplified using a FYLDE 351UA(UNI-
AMP) amplificr, and then stored in Data lab type 912 two channel transient
recorder. They are displayed on the screens of TRIO CS-1212 (20 MHz) oscillo-
scopes. Afterwards, the experimental data are stored on floppy discs in an IBM-PC
computer and a hard copy obtained on an Epson printer. A block diagram and
the recording system is given in Fig. 9 and typical strain gauge signals are shown
in Fig. 10.

In the quasi-static tests, a load-time trace is obtained from a strain gauge load
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a) Input bar gauge one signal

A
[\ \*\/\ 20 kN
/
/
I \
b) Input bar gauge two signal
20 kN
N
[
/I ‘\ A ‘,»ﬂ'\\
/ A J
i \\;r \f”ﬁﬂ‘ { \
! \./‘ !
‘.Vr-\/v
¢) Output bar gauge signal
1
i‘: 'z'
i 10 kN i
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100 microseconds

Fig. 10 Strain Gauge Signals for Impact test on All-Carbon Pre-Preg Specimen
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a) Load-cell signal

- 5 kN

N

b) Diéplacement transducer signal

f

05 mm

c) Specimen strain gauge signal

1°/o strain

/ |

e

20 seconds

Fig. 12 Raw Data for Quasi-Static test on All-Carbon Pre-Preg Specimen
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cell while the displacement across the ends of the specimen is measured using a pair
of linear variable differential transformer(LVDT’s) is parallel with the specimen. A
block diagram of the recording system is shown in Fig. 11 and the typical signals
obtained are shown ia Fig. 12.

2.3 Analysis of test data
2.3.1 The principle of analysis

The quasi-static case

For the quasi-static test, the specimen shear loading can be calculated from
the load cell signal and the calibration factor. The average shear strength at
failure is given by dividing the maximum load by the total area of the shear plane,
assuming the load to be shared equally between the two interlaminar planes. The
displacement across the ends of the specimen gives a measure of the average tensile
strain No experimental measurement of the shear strain on the interlaminar plane
was attempted but from finite element analyses of the five specimens shown in
Figs. 13 to Fig. 17, in which a 1% tensile strain is applied across the ends of the
specimen, the average interlaminar shear strain is seen to be roughly equal to the
average tensile strain in the specimen in each case. Consequently an estimate of
the average interlaminar shear strain may be obtained from the measured average
tensile strain.

The dynamic case

Generally speaking, if the incident wavelength is much larger than the diameter
of the input bar, the one dimensional stress wave theory is valid and may be used in
the Hopkinson bar analysis. This was the case in the present tests. Supposing that
€i, €, and & are the incident, reflected and transmitted strain waves respectively,

the displacement, velocity and stress at the input and output ends of the specimen
are given by:

W= 01(5:' + 51') (1)
Vz = CzEg (2)
t t
U, = /e, Vidt = Cy /h(e,- ~¢,)dt (3)
t ¢
U, = [ Wadt =G, / £rdt (4)
[ 7] t2
o= Plclz(ei +€) . (5)




-t

o2 = p2Cr%, (6)

where subscripts 1 and 2 represent the input and output ends of the specimen
and p;, C; and p,, C, represent the density and elastic wave speed in the input and
output bars respectively. For test in compression or tension, the average strain,
strain rate and stress in the specimen can be obtaiued from:

. W -V,
Esa = 1L5 2 (7)
U, -U
EsA = ILs d (8)
1
Os4 = 5(0’ + EzEg) (9)

where Lg is the gauge length of specimen, o is the stress obtained from the incident
and reflected stress waves and F, is the modulus of the output bar. This is the
standard Hopkinson bar analysis. Fig. 18 shows the specimen assembly and the
Lagrange(x,t) diagram for the tensile Hopkinson bar system.

In previous work[9] on the tensile testing of unidirectionally-reinforced CFRP,
the strain-time signals from the three gauge stations, €1, €77 and €51, when sub-
jected to the standard Hopkinson bar analysis, give the results shown in Fig. 19.
Note that in Fig. 19,¢; =€, ¢, = er—errat t > T} and g = €777. Good agreement
was obtained between the stress levels oy and E,¢;y, determined at the input and
output ends of the specimen. In this calculation, some modification of the stress
wave speed in the grip regions of the loading bars, AA-CC and BB-DD in Fig. 18,
was made to allow for the presence of the composite but the change in impedance
in these regions compared with that in the loading bars alone was so small, for
this particular test material, that wave reflections at section AA and BB were
insignificant. The almost identical profile for the strain - time signals for gauge

stations I and II at time up to T, see Fig. 19, confirmed that this procedure was
justified.

However, in tests of woven glass reinforced specimen[10], the modulus of the
specimen in significantly lower and, in some cases, the thickness of the specimen
in the grip region considerably larger. In this case a more significant change in
the impedance across the sections at AA and BB might be expected, affecting
the validity of the standard Hopkinson bar analysis. A reflection from section AA
would be expected to show up as a divergence between the signals from gauge
stations I and II at even earlier time, i.e. at T rather than T see Fig. 20.
Although, in practice, this small difference might be difficult to detect because 7}’
and T lie on the steeply rising part of curve.
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If it is assumed that these reflections remain small enough to be ignored, the
stress variation at the input end of the specimen, o, is calculated from ¢; and €j;
in the standard way and is shown as the dotted curve in Fig. 20. It is compared
with the stress at the output end of the specimen, Ej&;;, shown chain - dotted
in Fig. 20 where ¢, is the estimated transit time for a stress wave to cross the
specimen.

Although, in its general form, the stress variation at the input is similar to
that at the output end of the specimen, the almost exact agreement found in
the unidirectional material test[10] is not reproduced. In practice, therefore, the
specimen stress is always determined from the transmitted wave, equation (6),
due to the very limited accuracy with which the input stress level, o, may be
determined, derived as it is from a small difference between a large incident and a
large reflected stress wave.

In the reference [10], the effort of stress wave reflections at sections AA and
BB on the Hopkinson bar analysis for woven reinforced material has been studied.
The resulting stress-strain curve shows a slight decrease in dynamic modulus when
the stress is based on the output bar gauge. The modulus remain unaltered when
the stress used is the average of that on each face of the specimen, see Fig. 21. In
practice the modulus is always checked independently in the tension set up, using
strain gauge attached directly in the specimen.

In the present work, using the standard Hopkinson bar wave analysis, the
displacement across the specimen during the test was determined and, with the
assumptions given above, interlaminar shear stress-strain curves derived using the
computer analysis described in the next section, typical results for which are given
in Fig. 22.

2.3.2 Computer analysis of experimental data

The various strain signals are stored in the dual- channel transient recorders and
transferred directly in digital form to the micrecomputer and then processed using
a specially written program. The operator chooses the time zero for the gauge I
trace from which the computer calculates, in terms of the densities and Young’s
moduli of the loading bars and the specimen, the corresponding time zero’s for the
gauge II and III traces and the time T}, defined in Fig. 18, for the reflected wave
first to reach th. gauge station II. The signals from gauge stations I and II are
then computed as stress-time traces, after subtracting the calculated time delay
between them. The resulting curves may be compared on the chart recorder, a
typical example being given in Fig. 22(a) for the test on carbon pre-preg specimen.
The two computed time curves should be coincident at times < T; and should only
begin to diverge when the time exceeds T;. If necessary the operator can choose
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to override the computed time between gauge stations I and 11 in order to improve
the initial coincidence of the two curves. This has not been done in Fig. 22(a).
From the two curves of Fig. 22(a) the computer then calculates the stress and
particle velocity at the input end of the specimen, and comparcs the resulting
stress curve with that for output end of the specimen. This is calculated from the
signal derived from the gauge at station III, again after subtracting the computer
calculated time delay to the start of the trace. The two curves shown in Fig. 22(b)
are obtained. A close agreement between the two stress-time curves is apparent,
confirming that stress equilibrium across the specimen has been achieved during
the course of the test. Again the operator can choose to override the computed
time delay to the start of trace III if this will improve the agreement between the
computed curves of Fig. 22(b). Since gauge stations II and III are equi-distant
from the specimen it would be expected that the two stress-time curves would
show the rapid unloading due to fracture at about the same time so a logical basis
on which to make any adjustment to the time delay between stations II and III
would be to ensure that the unloading lines coincide. No such adjustment was
necessary in the test of Fig. 22(b).

The computed stress-strain curve and strain rate-strain curve for this test are
shown in Figs. 22 (d) and (c). It is clear that, although the average shear strain
rate increases continuously throughout the test, it lies between 800 and 1200/s
over the most significant region, i.e. where damage is developing and fracture is
propagating. To allow comparison between different tests an average strain rate
may be defined as the fracture strain divided by the time to fracture, where the,
fracture point is taken to coincide with the maximum stress. In the test of Fig.!
22 this gives an average strain rate of 640/s. This definition, therefore, is likely tq#

give a value for the average strain rate somewhat less than the controlling strain
rate during fracture of the composite.

The effect of an adjustment to the computer calculated time delay between
the gauge signals of stations I and II has been demonstrated in reference{11]. The
results show that reducing the time delay between the gauge I and gauge II signals
has a significant effect both on the tensile modulus and on the fracture strain. In
performing the computer analysis of the experimental data, the time delay between
gauge signals T and I is adjusted, if necessary, to give initial coincidence of the
two curves at ¢ < T} and, in the tension test, the resulting stress-strain curve is
expected to show an initial linear-elastic region. An adjustment to the computed
time delay between gauge signals from stations II and IIl results in only a slight
change of the modulus and the fracture strain. In general, however, adjustments
are not required to the delay between the gauge 11 and gauge 111 signals.



Table 2: Interlaminar shear 'st'rcri‘gth of all carbon pre-preg specimens
under quasi-static loading
(fibre weight fraction 50%)

Specimen No. |1 2. 3 average
Shear strength | 35.3 | 31.0 | 34.0 | 33.4

Table 3: Interlaminar shear strength of all carbon hand lay-up specimens
under quasi-static loading
(fibre weight fraction 39.0%)

Specimen No. |1 2 3 average
| Shear strength | 25.34 | 25.34 | 27.97 | 26.22

3 Results

3.1 Quasi-static tests

Several quasi-static tests have been performed on each of seven types of specimen.
For the all carbon pre-preg material, three such tests were successful, the average
shear stress at failure in each test being listed in Table. 2. Two sets of hand lay:
up all carbon specimens have been tested, having fibre weight fractions of 39.2%
and 45.0% respectively. The results are listed in Tables. 3 and 4 respectively anfd
two view of the failure specimen for the fibre weight fraction of 45.0% shown yn
Fig. 23. The average shear stress-strain curves for specimens whose fibre weight
fraction is 45.0% are shown in Fig. 24. Tests were also performed on hand lay-ﬁp
hybrid and hand lay-up all glass specimen. For the former two different stacking
sequences were tested, with fibre weight fraction of 42% and 49%. For the latter
the first set had undergone a faulty cure cycle, see section 2.1.2, and hand a fibre
weight fraction of 52.0%. A second set was prepared which was given the current
cure cycle. This set had a fibre weight fraction of 56.7%. The results of all four
sets of tests are listed in the Tables 5, 6, 7, and 8. The average shear stress-strain
curves for the hybrid specimens with a fibre weight fraction of 49.1% are shown

Table 4: Interlaminar shear strength of all carbon hand lay-up specimens
under quasi-static loading

(fibre weight fraction 45.0%)
|

B

Specimen No. |1 2 3 4 average |
| Shear strength | 27.04 | 24.88 | 28.29 | 25.46 | 26.42
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Table 5: Interlaminar shear strength of hybrid hand lay-up specimens
under quasi-static loading
(fibre weight fraction 42.0%)

Specimen No. |1 2 3 4 5 average
Shear strength | 28.28 | 22.49 | 30.29 | 26.76 | 25.40 | 26.57

Table 6: Interlaminar shear strength of hybrid hand lay-up specimens
under quasi-static loading
(fibre weight fraction 49.1%)

Specimen No. |1 2 3 4 I'5 6 average
Shear strength | 29.78 | 29.05 | 27.80 | 23.88 | 25.00 | 27.10 | 27.10

in Fig. 25. Two view of the failed specimens are shown in Figs. 26 and 27 for
a hybrid and all glass specimen respectively. From the results it can be seen
that the fibre weight fraction has a slight effect on the interlaminar shear strength.
For the all carbon hand lay-up, the shear strength increase from 26.22 MPa at a
fibre weight fraction of 39.0% to 26.42 MPa at a fibre weight fraction of 45.0%,
an increase of less than 1%. A similar behaviour is shown by the hybrid carbon
hand lay-up specimen where the interlaminar shear stress increases from 26.57
MPa at a fibre weight fraction of 42% to 27.10 MPa at a fibre weight fraction
of 49.1%, an increase of about 2.0%. For the all glass hand lay-up, however, the
opposite behaviour is observed, the interlaminar shear strength decreasing slightly
from 20.76 MPa at a fibre weight fraction of 52.5% to 20.24 MPa at a fibre weight
fraction of 56.7%, a reduction just over 1%. Here, however, the comparison may
be affected by the different curing cycle. If these effect are ignored, the average
quasi-static interlaminar shear strength is found to be 26.84 MPa for the hybrid

lay-up, 26.32 MPa for the all carbon hand lay-up and 20.5 MPa for all glass hand
lay-up.

Under quasi-static loading all the specimens fail along the expected shear plane.
Macrographs of the fracture surfaces for the ali carbon pre-preg and the hand lay-

Table 7: Interlaminar shear strength of all glass hand lay-up specimens
under quasi-static loading |
(fibre weight fraction 52.5%)

Specimen No. |1 2 3 average
Shear strength | 21.37 | 20.32 | 20.58 | 20.76




Fig. 26 Failed Specimen, Hybrid Hand Lay-Up
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Table 8: Interlaminar shear strength of all glass hand lay-up specimens
under quasi-static loading
(fibre weight fraction 56.7%)

Specimen No. |1 2 '3 4 5 | average
Shear strength | 19.10 | 16.70 | 20.96 | 23.11 | 21.34 | 20.24

Table 9: Interlaminar shear strength of all carbon pre-preg specimens
under impact loading
(fibre weight fraction 50%)

Specimen No. |1 2 3 average ]1
Shear strength ! 54.2 | 53.4 | 55.2 | 54.3 !

i

up all carbon, hybrid and ull glass specimens after testing are shown in Figs. 23,
26 and 27 at a magnification of ~2x. All the photographs show that at least one
of the fracture surfaces is composed of two regions, one region is resin rich and the
other fibre rich. In fact this is a reasonable failure mode for the double lap shear
specimen as will be discussed later.

3.2 Impact test

Tests at a high strain rate have been performed in the tensile Hopkinson bar device
on each of five types of specimen including a pre-preg all carbon specimen and hand
lay-up all carbon , hybrid and all glass specimens. Using the standard Hopkinson
bar wave analysis the average tensile strain across the specimen during the test was
determined and, with the assumptions given before, dynamic interlaminar shear
stress-average shear strain curves derived. For the pre-preg all carbon specimen,
the shear stress-average shear strain curves for three such tests are compared in
Fig. 28. The average shear strength at failure for each specimen is listed in Table
9. Also shown in Fig. 28 is the average shear strain rate applied to the specimen
during the course of test. The shear fracture occurs at a the shear strain rate
between 1200 and 1500 1/s. Similar responses are obtained for the hand lay-up
all carbon specimens as shown in Fig. 29. The average shear strength at feilure
for each specimen is listed in Table 10. For the hand lay-up hybrid specimen,
shear fracture occurs at an average shear strain rate of about 1200 1/s, as shown
in Fig. 30. The average shear strength at failure is listed in Table 11. For the
hand lay-up all glass specimens failure occurs at the highest shear strain, about
4%, in a region of decreasing strain rate following a peak strain rate at about 2%
shear strain. This is true for both fibre weight fractions, see Figs. 31 and 32.
The corresponding interlaminar shear strengths at failure are listed in Table 12

12




Strain Rate (1/s)

2000
. / "/
1500 + L
e
i
’— —/.
1000
500 -
//
0 | ! 1 |
0 0.5 1.0 1.5 2.0 2.5
Strain %
60
5
S 40k
0
20
0 1 ] ! 1
0 0.5 1.0 1.5 2.0 2.5
Strain %

Fig. 28 Stress-Strain Curves for All Carbon Pre-preg
under Impact Loading




1700

= 1200
I
5
e
£

g 800
w2

400

0

Stress (MPa)

P
! AT
" /'; - \ '\\\
S AN 3
&7 . -
! 77 -
s
-/
n
1 ) L i
0 1.0 2.0 3.0 4.0 5.0
Strain %
N
\\
:‘ \\\
| RN
!
|
0 1.0 2.0 3.0 4.0 5.0
Strain %

Fig. 29 Stress-Strain Curves for All Carbon Hand Lay-Up

under Impact Loading




1
1500 —

/’//’ - - O -y —
= 1200 - e =T
E /'/,.///’—‘.-\.'\ \ —:___// ~
° ! N7
= p ~
& 900 |- //

.8 g
g
n
600 -
l//
300 -
. 0 1 | | {
J 0 1.0 2.0 3.0 4.0 5.0
Strain %
46
40
m
=
~ 30}
w
s
)
20 |-
10 -
LN
0 1 L \\1 \ S
0 1.0 2.0 3.0 4.0 5.0
Strain %

Fig. 30 Stress-Strain Curves for All Hybrid Hand Lay-up
under Impact Loading




Strain Rate (1/s)

Stress (MPa)

1600

o
13
o
o

800

400

38

30

20

10

{ [ _L !

0 1.0 2.0 3.0 4.0 5.0

Strain %

| | | { ‘ \

0 1.0 2.0 3.0 4.0 5.0
Strain %

Fig. 31 Siress-Strain Curves for All Glass Hand Lay-up (1)
under Impact Loading




1

Strain Rate (1/s)

Stress (MPa)

600

]
(o]
(]

800

400

38

(V%]
(o]

|3~
<o

10

4.0
Strain %

o
o

1.0 2.0 3.0 4.0
Strain %

Fig. 32 Stress-Strain Curves for All Glass Hand Lay-up (2)
under Impact Loading

5.0




Table 10: Interlaminar shear strength of all carbon hand lay-up specimens

under impact loading
(fibre weight fraction 45.7%)

Specimen No. |1 | 2 3 4 5 6 average
Shear strength | 49.05 | 48.03 | 42.89 | 40.60 | 47.11 | 42.35 | 45.01

Table 11: Interlaminar shear strength of hybrid hand lay-up specimens
under impact loading
(fibre weight fraction 42.0%)

.
!

" Specimen No. |1 2 3 4 5 | average
" Shear strength | 40.02 | 45.79 36.43 | 39.20 | 45.16 i 41.36

for the fibre weight fraction of 52.5% and Table 13 for the fibre weight fraction
56.7%. Here an increase in fibre weight fraction is associated with an increase
in interlaminar shear strengths, from 33.236 MPa for the fibre weight fraction of
52.5% to 37.39 MPa for the fibre weight fraction of 56.7%. This contrasts with
the decrease, by about 0.76% found under the quasi-static loading.

As in the quasi-static tests the fracture surfaces of impacted specimens show
two clearly different regions, one resin rich and the other fibre rich. This will be
discussed in more detail later. In all tests the all glass specimens failed along
the interlaminar shear plane, as shown in Fig. 33(a). Three of the all carbon
specimens and four of the hybrid specimens also failed along the two shear plaue
as intended. The other three all carbon specimens failed additionally in tension,
two as in Fig. 33(b) and one in Fig. 33(c). One of the hybrid specimens failed in
the two shear plane and also in tension in one of the leg as shown in Fig 33 (d).

Table 12: Interlaminar shear strength of all giass hand lay-up specimens
under impact loading
(fibre weight fraction 52.5%)
Specimen No. |1 22 |3 |average
| Shear strength | 31.65 1 32.88 | 35.55 | 33.36
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Table 13: Interlaminar shear strength of all glass hand lay-up specimens
under impact loading
(fibre weight fraction 56.7%)

|
| Specimen No. |1 2 3 average
| Shear strength | 37.25 | 37.50 | 37.43 | 37.39

3.3 Fracture appearance of double lap shear specimens
3.3.1 The failure mode predicted

The double lap shear specimen is actually composed of two single lap joints. In
the overlap region between the central part and the outer parts, there is some resin
like adhesive in the single joint. Assuming that the central part is connected with
the outer parts by a layer of resin, as shown in Fig. 34, interlaminar shear stress
concentration would be expected at points A and D which cracks might, therefore,
be expected to originate. As these cracks propagate to points A’ and D’ the shear
stress get even higher. Thus the cracks propagate in a catastrophic manner to
points A” and D” where finally they join across the thickness of the resin. This
leads to a predicted fracture appearance as shown in Fig. 35, having two regions
as expected, see Figs. 23, 26 and 27.

3.3.2 The observation of the fracture surface

Further evidence for this failure mode was obtained when the failure surface of
several specimens was examined in the scanning electron microscope. The fracture
surfaces was coated with a thin film of gold and the central part of the failed
specimens observed at magnificati- :s of ~ 100x to ~1000x. Points to e examined
in the electron microscope were chosen in region 1, region 2 and at the interface,
the jump region. these are labelled A;, C; and B;, respectively, in Fig. 35. Because
the central part was choose for examination, region 1 was expected to be the fibre
rich region,in which the fracture occurred between the central fibres and the resin,
and region 2 to be the resin rich region in which the fracture occurred between
the resin and the outer fibres.

Fig. 36 shows the photographs taken from the fracture surface of an all glass
specirien. The magnifications of photographs 4, and C, are ~500x, B; is ~100x
and A,, B, and C, are ~1000x. From the photographs C; and C; it can be
seen that resin covers the surface in region 2. There are a lot of grooves on the
surface from which fibres have pulled out. Around each ;roove a shear failure band
inclined at about 45° to the groove can be seen. It is clear that the surface of
region 2 occupied by the resin as expected. In contrast many bare fibres are visible
on the surface of region 1, see photographs A4, and 4, in Fig. 36. In the resin
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Fig. 35 Fracture Surface Observed and Arrangement of SEM Photographs
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(b) Picture C, for Region 2 (~1000x)

Fig. 36 Scanning Electron Micrographs of Fracture Surface
(All-glass hand lay-up under quasi-static loading)
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(d) Picture A, for Region 1 (~1000x)

Fig. 36 Scanning Electron Micrographs of Fracture Surface
(All-glass hand lay-up under quasi-static loading)
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(f) Picture B, for Jump Region (~1000x)
2

Fig. 36 Scanning Electron Micrographs of Fracture Surface
(All-glass hand lay-up under quasi-static loading)




region between the fibre shear failure bands at 45° can again be seen. From the
pictures B; an B, for the jump region show a clearly marked boundary between
two regions, as shown before in the photographs of Figs. 23, 26 and 27. This
boundary steps from region 1, occupied by the fibres, to the region 2, occupied be
the resin. It is clear that the failure mode on the interlaminar shear plane is as
described in section 4.3.1.

Similar fracture appearances can be seen in the all carbon hand lay-up speci-
men, shown in Fig. 37 and in the hybrid hand lay-up specimen shown in Fig. 38 in
which the photographs of region 2 and jump region only be shown. Unfortunately,
the photograph in the region 1 has not been taken. Fig. 39 show the photographs
which were taken from three different region of the all glass specimen failing under
the impact loading. All the failure surface is as the same as the all glass specimen
failing under quasi-static loading. It is quite clear that the fracture surfaces have
the same appearance in the quasi-static and impact loading. These again prove
the prediction done in section 4.3.1.

4 Discussion

In the present work, the wet hand lay-up techniqe was successfully used to make
double lap shear specimens. In this procedure the double lap geometry the section
must be maintained during the curing process, especially the symmetry of the
specimen and the length of the overlap region. This can be achieved by fixing the
three pieces of metal plate to a base plate. The resin weight fraction is difficult to
control during the curing process because resin is likely to leak out under pressure.
This can make the resin weight fraction too low and the void fracture too high
in the specimen. To solve this problem care and experience is needed. The mi-
crograph of tested specimens show that it is possible to make adequate specimens
using the wet hand lay-up technige.

All the specimens tested under quasi-static loading failed by interlaminar shear
on the pre-chosen plane as required. This is an advantage of this specimen design
in comparison with other specimen designs. It is very important for specimen in
which the interlaminar shear strength is required on a pre-chosen plane between
a carbon and a glass ply. Under impact loading, all specimens failed on the pre-
chosen plane, but some of the specimens also failed in tension in either the central
part or one of the legs at the same load as caused shear failure. This implies that
the interlaminar shear strength increases more with strain rate than the tensile
strength. Since the tensile strength of glass reinforced composites increases most
markedly with strain rate it is not surprising that the problem here did not arise.
In the all carbon hand lay-up three out of six specimens failed only on the shear
plane at an average stress of 44 MPa. The other three failed also in tension. In




(b) Picture C, for Region 2 (~1000x)

Fig. 37 Scanning Electron Micrographs of Fracture Surface
(All~carbon hand lay-up under quasi-static lecading)




(c) Picture A, for Region 1 (~500x)

(d) Picture A, for Region 1 (~1000x)

Fig. 37 Scanning Electron Micrographs of Fracture Surface
(All-carbon hand lay-up under quasi-static loading)




(f) Picture B, for Jump Region (~1000x)

Fig. 37 Scanning Electron Micrographs of Fracture Surface
(All-carbon hand lay~up under quasi-static loading)
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(b) Picture C, for Region 2 (~1000x)

Fig. 38 Scanning Electron Micrographs of Fracture Surface
(Hybrid hand lay-~up under quasi-static loading)
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(c) Picture B, for Jump Region (~500x)

(d) Picture B, for Jump Region (~1000x)

Scanning Electron Micrographs of Fracture Surface
(Hybrid hand lay-up under quasi-static loading)




(b) Picture A, for Region 1 (~1000x)

Fig. 39 Scanning Electron Micrographs of Fracture Surface
{All-glacs hand lay-up under impact loading)




(c) Picture Cy Taken from Region 1 (~x1000)

Fig. 39 Scanning Electron Micrograph of Fracture Surface of
All Glass Hand Lay-up under Impact Loading




Table 14: The comparison of interlaminar shear strength
under quasi-static and impact loading

all carbon | all carbon | hybrid all glass
pre-preg | hand lay-up | hand lay-up | hand lay-up
quasi-static | 33.4 26.32 26.84 20.50
impact 54.3 45.01 41.36 35.38 !
increase% | 62.6 70.4 55.6 72.6 i

these tests the average shear strength is 46.01 MPa, higher than that obtained
when failure was by shear alone. This suggests that our specimen design is just
in the borderline, favoring tensile and shear failure equally at impact strain rates
and tensile failures can be avoided by increasing the thickness of central part or
outer parts.

The experimental results show that the interlaminar shear strength of all the
materials which have been tested is significantly strain rate dependent. The com-
parison of results under quasi-static and impact loading is given in Table 14. The
shear strength increases by about 62.6% between the quasi-static and impact load-
ing rates for the pre-preg all carbon material, by about 70.4% for the wet hand
lay-up all carbon material and by about 55.6% for the hybrid hand lay-up material,
the small increase. For the all glass hand lay-up material, the strain rate effect
is different for the two fibre weight fractions. The interlamirar shear strength
increases by about 60.7% for the fibre weight fraction of 52.5% and about 84.7%
for the fibre weight fraction of 56.7%, the largest increase. It should be recalled
that the difference in the shear strength between these two materials is only about
0.76% under quasi-static loading. So the strain rate effect on the interlaminar
shear strength for the all glass hand lay-up seems to be connected to the fibre
weight fraction of the material, the higher the fibre weight fraction, the higher the
shear strength increase. This still needs more experimental work to be proved.

Considering only the hand lay-up specimens and ignoring effect of fibre weight
fraction, never more than about 2% of the interlaminar shear strength under quasi-
static loading, the average interlaminar shear strength is lowest for the all-glass
interface, at about 20.5 MPa, and about equal for the all-carbon and carbon-glass
interface, at about 26.5 MPa. Under impact loading the all-glass interface remains
the weakest, with a shear strength of between 33.4 and 37.4 MPa, depending on
fibre weight {raction, giving a mewn valve of about 35.4 MPa. Now, However, the
all-carbon interface is clearly the strongest, with a shear strength of about 456 MPa

and the Lybrid interface lies between these limits with a shear strength of about
41.4 MPa.
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A simple explanation for this change in the relative interlaminar shear strength
with strain rate is not immediately apparent. It should be noted that, in addition
to the complication arising from the effect of fibre weight fraction on the shear
strength in the all-glass lay-up there is also a much coarser weave than the glass
mat. This was necessary in order to allow direct comparison with the composite
specimens previously tested in quasi- static and impact tension {9,12] to which
the numerical modelling techniques described elsewhere[1] have been applied and
for which the critical interlaminar zhear strengths determined here were required.
Clearly further experimental work with a careful control of the various parameters
involved is required before more fundamental conclusions can be reached.

5 Conclusion

e The wet hand lay-up techniqe is successful in making double lap shear spec-
imen. More experience is needed for efficient control of the weight fraction
of fibres and resin.

o The double lap shear specimen design is suitable for comparing the interlam-
inar shear strength between the different materials and for investigating the
stain rate effect on the interlaminar shear strength but the absolute values
obtained should be treated with cautions.

¢ Under quasi-static loading, the interlaminar shear strength is about same
for the all carbon and the hybrid hand lay-up and is lowest for the all glass
hand lay-up. It is the highest for the all carbon pre-preg.

e Under impact loading, the interlaminar shear strength remains lowest for
the glass band lay-up but is now higher for the all carbon hand lay-up than
for the hybrid specimens. It is highest of all for the all carbon pre-preg.

o The interlaminar shear strength is markedly strain rate dependent, increas-
ing by about 72.6% for the all glass hand lay-up, 70.4% for the all carbon

hand lay-up, 62.6% for the all carbon pre-preg and 55.6% for the hybrid
hand lay-up.
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ABSTRACT

A finite element method is used to determine the tensile stress
concentration factors and the interlaminar shear stresses close
to a failed ply in a woven carbon reinforced epoxy laminate under
tensile loading. Ply failure is modelled by a reduction in
stiffness in the loading direction. Different reductions in
stiffness, representing either matrix break-up or fibre tow
fracture are studied and the redistributed stress system, for the
case where delamination follows initial ply failure, is also
determined. The results of the theoretical analyses are
discussed in the light of experimental data from tensile tests on
a similar laminate at both a quasi-static and an impact rate of
loading and the failure process at each rate of strain is
described.




INTRODUCTION

A recent attempt(! to use laninate theory and a Tsai-Wu type failure criter-
ion to predict the failure strength of woven carbon/glass hybrid laminates at
both quasi-static and impact rates of loading achieved only limited success.
In part this was because the laminate theory approach ignores out-of-plane
stresses, which will vary with the stacking sequence, but also because it was
assumed that the carbon reinforced plies, in which failure always initiated,
all failed at the same critical level of applied stress. For this purpose
"failure" of the carbon reinforced plies was taken to correspond to a reduct-
ion in stiffness in the direction of loading so that they carried a smaller
proportion of the increased load which was subsequently required before the
glass-reinforced plies also "failed"” and overall catastrophic fracture of the
laminate ensued. A possible mechaniem for this reduction in stiffness with-
out loss of load carrying capacity might be the break up of the resin matrix,
making it easier for the axially-aligned woven fibre tows to straighten under
the applied load although eventually, of course, an increased stiffness should
result once all the fibre tows have become aligned with the loading direction.

In order to estimate the critical stress at which the carbon reinforced plies
might "fail” the maximum tensile stress was determined in tests on non~hybrid
woven carbon reinforced laminates at both a gquasi-static and an impact rate
of strain. However, since this was the stress at which overall failure was
obtained in these non-hybrid laminates, it will be a measure of the fracture
strength of the carbon tows and is likely, therefore, to be an overestimate
cf the stress to give a "failure" determined by the break up of the resin.
This was confirmed by the observation that in the experimentally determined
stress~gtrain cur.es for the hybrid laminates the departure from a linear
elastic response was always at a stress level below that predicted feor first
ply failure in the theoretical analysis.

A further complication arises since, in practice, experimental results show
that the critical fracture stress, both for single carbon fibres and for
carbon fibre tows, follows a statistical distribution‘® so that not all
fibres will fracture simultaneously. Although this statistical variation is
expected to be much less significant both for a woven rather than a unidir-
ectional reinforcement and for the resin break-up process rather than for
fibre fracture, the assumption of a single critical locad at which all the
carbon-reinforced plies will "fail" is likely to be a gross over simplificat-
ion. 1In reality the failure process in any given woven-reinforced ply almost
certainly involves both a break-up of the resin matrix and the fracture of
individual fibres or fibre tows followed by some combination of fibre pull-onut
and delamination. Since a laminate theory approach cannot be expected to
take account of all these various processes the limited success achieved in
the previous attempt at predicting hybrid tensile strength is not surprising.

However it is possible, using the finite element method, to make at least some
gqualitative progress towards distinguishing between those processes which de-
pend on the magnitude of the tensile stress. e.g. fibre or fibre tow fracture,
and those which depend on the magnitude of the shear stress, e.g. delamination
and fibre pull-out. The present report describes an attempt to do this for
a non-hybrid plain weave carbon-reinforced laminate. Initiation of failure
is modelled by a local reduction in the tensile stiffness for a given ply.

Different reductions in stiffness are used, a smaller reduction to represent
failure by the break~up of the resin matrix, a larger reduction to represent
fracture of the given carbon reinforced ply. In each case the tensile and
shear stress distributions close to the failed region are estimated. The




relative values of tensile stress concentration, in the adjacent plies, to
interlaminar shear stress, at the interface between the failed ply and its
nearest neighbours, will give a qualitative indication as to the next stage
in the failure process. The analysis is limited to a specific lay-up of woven
carbon/epoxy laminate for which experimental data are available(3/4),  The
finite element method used here closely follows that described in a recent
paper on the failure analysis of woven hybrid composites“).

FINITE ELEMENT ANALYSIS TECHNIQUE

The ply lay-up in the central parallel region of the test specimen used in the
earlier experimental work3:4) jg shown schematically in Fig. 1. It consists
of 6 reinforecing plies each containing 5 carbon fibre tows aligned with the
tensile axis, i.e. in the 01 direction. Each reinforcing ply may be divided
into 15 nominally identical repeating units, or "unit cells", which are treat-
ed as if they were homogeneous and orthotropic with the elastic properties
given in Table I. The in-plane elastic constants were determined experiment-
ally in tension tests at a quasi-static rate of strain(®. Poisson's ratio,
V,4*, determined using the symmetry hypothesis for an orthotropic laminate,
i.e. E4v, = E,vy,, is also listed. The finite element analysis also requires
a knowledge of the elastic properties in the through-thickness direction, dir-
ection 03. 1In the absence of any experimental data on the elastic properties
in this direction an estimated value tor Eq of 6.0GPa, based on the rule of
mixtures and a fibre volume fraction of 50%, was assumed and the corresponding
Poisson's ratio, V43, Was taken to be 0.15. More recent experimental work
has given elastic properties in the through-thickness direction as listed in
Table II. It is not thought likely that the small differences observed be-
tween the two sets of values will have a significant effect on the conclusions
of the finite element analysis.

TABLE 1
Elastic Constants for Carbon Reinforced Plies

E E, V12 Va1 Var*
(GPa) (GPa)
Carbon-reinforced ply 45.3 43.3 0.14 0.09 0.13
TABLE 1II

Elastic Constants for Carbon Reinforced Plies
in Through-Thickness Direction

Eq Vi3 Vg Va3 V3*
(GPa)
Carbon~reinforced ply 6.7 0.11 0.02 0.11 0.02




The analysis assumes a state of plane strain. A mesh consisting of 180
elements, each 0.2mm long, see Fig. 2, was used, there being 10 such elements
along the length of each unit cell. Initial tensile failure is assumed to
occur in one of the elements adjacent to the central cross-section of the
specimen and is modelled by a reduction in the longitudinal modulus, E,+ by
a factor of 0.1, 0.01 or 0.001. This is followed either by a further tensile
failure in a neighbouring ply, controlled by the local tensile stress concen-
tration, or by a delamination between the failed ply and its immediate neigh-
bours, controlled by the local shear stresses. Which of these mechanisms
operates will depend on the redistributed stress system in the vicinity of
first failure.

A difficulty arises when attempts are made to model the delamination process.,
If delamination is modelled simply as a crack between two frictionless sur-
faces the shear stress concentration at the singularity is not significantly
reduced by the delamination process but merely moves with the delamination
crack tip, i.e. the de’® .mination extends catastrophically through to the ends
of the specimen. While such behaviour is sometimes observed in specimens with
unidirectional reinforcement, it does not describe the response seen in the
present woven-reinforced materials. Here, therefore, an arbitrarily chosen
friction coefficient of 0.5 is assumed on the crack surfaces between which
slip is allowed to occur. The delamination process is then modelled using
the ABAQUS interface element, for which, since there should be no relative
movement until slip occurs, a modulus of 1000GPa is assumed. This also avoids
interpenetration between adjoining surfaces.

Analyses were performed for delamination over 2 elements (0.2mm) on each side
of the failed element (short delamination), for delamination over 5 elements
(1.0mm) on each side of the failed element (corresponding to delamination over
the length of a unit cell) and for delamination over 7 elements on each side
of the failed element (long delamination, equivalent to half the parallel
gauge length of the test specimen). In the light of experimental observat-
ions®), first ply failure was assumed to occur when a critical strain of
1.35% was first reached in the reinforcing plies. This correspo” .3 to the
condition for tensile fracture rather than matrix break-up. Since, however,
only tensile stresgs concentration factors around the failed ply are determin-
ed, the results are equally applicable to either situation. In contrast,
for any subsequent delamiration, which it was assumed took place under con-
stant displacement at the critical strain of 1.35%, specific values of the
interlaminar shear stress close to failure are determined. These are likely
to be overestimates of those resulting from matrix break-up.

RESULTS

-

. .
Typical finite element analyses for the tens

n nent analy ensi ss aistribution
close to the failed ply or plies, with or without subsequent delamination, are
given in Figs. 3 - 25. Each figure shows a) the tensile stress concentration
factor, i.e. the increase in tensile stress over that just before failure, and
b) the interlaminar shear stress determined over the 6mm parallel gauge length
of the test specimen, along the interfaces between adjacent reinforcing plies,
as defined in Fig. 2. The results obtained allow a study to be made of the
effect of varying three different parameters, 1) the chosen reduction in ten-
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sile modulus used to model tensile failure, 2) the extent of subsequent delam-
ination and 3) the effect of one or more subsequent tensile failures in adjac-
ent plies.

1. The effect of varying the tensile modulus

For failure in a central element of ply 4 the ABAQUS finite element
package was used to determine the subsequent tensile and shear sgtress dis-
tribution in the 01l direction along the interfaces between the various plies.
Results are presented in figs. 3, 4 and 5, respectively, for an assumed re-
duction in tensile modulus in the failed element of E,/lo, E,/100 and E,/1000.
Stresses were determined at the Gauss points, at the top of elements in plies
1, 2 and 3, i.e. points 1T, 2T and 3T (see fig. 2) and at the bottom of elem-
ents in plies 5 and 6, i.e. points 5B and 6B. The resulting stress distrib-
utions are seen to be symmetrical about the failed element in both the loading
and the through-thickness directions. The tensile stress concentration is
highly localised, decaying, see fig. 3, from a maximum of ~2.1x to only about
1.1x within one element in both directions. Decreasing the tensile modulus
in the failed element to E,/100, see fig. 4, increases the maximum stress
concentration to ~2.7x but has little effect on the width of the affected
region while a further decrease in the modulus to E,/1000, see fig. 5, only
leads to a marginal increase in the maximum tensile stress concentration, from
~2.7x to ~2,8x.

The shear stress distribution is also symmetrical about the failed element in
both the loading and the through-thickness directions. The only significant
values of interlaminar shear stress are on the two interfaces immediately ad-
jacent to the failed ply. On these planes the shear stress decays more slow-~
ly, falling to about 10% of its peak value gver 2 disgtance of ~7 elemente.

The peak value of interlaminar shear stress increases with decreasing tensile
modulus in the failed element from ~31MPa, fig. 3b, to ~49MPa, fig. 4b, and

~52 Mpa, fig. 5b.

2. The effect of subsequent delamination

Assuming these local interlaminar shear stresses are high enough to
cause limited delamination on the planes adjacent to the failed ply, the re-
sulting tensile and shear stress distributions, for delamination over 2, 5 or
7 elements on either side of the failed element, are shown in figs. 6 to 14.
These are, respectively, for the redistributed stress system of fig. 3 (i.e.
for a reduced modulus of E,/10), in figs. 6, 7 and 8, for the redistributed
stress system of fig. 4 (i.e. E,/100) in figs. 9, 10 and 11, and for the re-
distributed stress system of fig. 5 (i.e. for E,/1000) in figs. 12, 13 and 14.

Delamination results in a significant reduction in the maximum tensile stress
concentration. For a tensile modulus of E,/lo it falls from ~2.1x, with no
delamination to ~1.5x, ~1.35x and ~1.3x, respectively, with increasing delam-
ination, see figs. 6, 7 and 8. The decay in tensile stress outside the delam-
inated region remains as rapid as before but within the delaminated region
there is an average tensile stress concentration of the order of 1.3x, 1.15x
and 1.1x, respectively. For delamination over 5 or 7 elements this region
extends over the whole of one of the unit cells in fig. 1. A similar general
effect of delamination on the tensile stress concentration factor is shown in
figs. 9 - 11 and figs., 12 - 14, as summarised in Table III.




TABLE III
Effect of Delamination on the Tensile Stress Concentration Factor
for Initial Tensile Failure in Ply 4

Tensile Modulus in failed ply E,/10 E,/100 E,/1000

No delamination 2.1x 2.7% 2.8x
Delamination over 2 elements 1.5 (1.3x) 2.0x (1.6x) 2.1x {1.7%)
Delamination over 5 elements 1.35x (1.15x) 1.9x (1.4x) 2.05x (1.4x)
Delamination over 7 elements 1.3x  (1.1x) 1.85x (1.3x) 2.05x (1.35x%)

(Average tensile stress concentration factors over delaminated region
are shown in parenthesis)

Increasing delamination has a more complex effect on the shear stresses, see
Table IV. The peak value of shear stress on the adjacent interlaminar planes
shows initially a small increase, from about 31 to 33MPa, following delaminat-
ion over two elements, see figs. 3 and 6, but then decreasges, with further de-
lamination over 5 or 7 elements, see figs. 7 and 8, to about 22.8 or 18.8MPa,
respectively. The same general trend is also shown in figs. 9, 10 and 11
(for E,/100) and figs. 12, 13 and 14 (for E,/1000) except that in both these
cases the initial increase is larger while the subsequent decreases are small~
er so that the peak interlaminar shear stress even after delamination over 7
elements remains higher that before any delamination had occurred, i.e delam-
ination does not relieve the shear strese concentraticn. This implies that
if the interlaminar shear stresses arising from fibre fracture were to result
in delamination, the delamination crack would propagate catastrophically to
the ends of the specimen gauge section. However such behaviour was never
observed experimentally in the impact tests and only once in the quasi-static
tests, for a specimen loaded in the warp direction, where there was evidence
that delamination over the full length of the specimen had resulted from an
initial tensile fracture which was arrested by the onset of delamination,
final fracture subsequently propagating on a different plane(6ﬁ It would
appear, therefore, that delamination by this mechanism does not commonly occur
for the woven carbon/epoxy laminate and the tensile loading conditions being
studied here. There remains, of course, an effective delamination associated
with the region of resin break-up.

TABLE IV
Effect of Delamination on the Peak Interlaminar Shear Stress
for Initial Tensile Failure in Ply 4

(MPa)
Tensile Modulus in failed ply E./10 E,/100 E,/1000
No delamination 31.0 49.1 51.7
Delamination over 2 elements 33.0 67.1 73.8
Delamination over 5 elements 22.8 58.9 68.7
Delamination over 7 elements 18.8 54.9 €7.8




3. Effect of further tensile failures

Initial tensile failure in ply 4 may lead to delamination on the ad-
jacent interlaminar planes, as analysed in section 2 above. Alternatively
it may result in an immediate tensile failure of the neighbouring plies and
hence, presumably, catastrophic tensile failure of the specimen as a whole.
On the basis of the tensile stress concentrations shown in figs. 4 to 6,
either of the neighbouring plies, 3 or 5, appears equally likely to fail next.
The tensile and shear stress distributions following failure in both plies 3
and 4 are shown in figs. 15, 16 and 17 for, respectively, E,/10, E,;/100 and
E,/1000. Similar results following failure in plies 4 and 5 are shown in
figs., 18, 19 and 20 and following fajilure in plies 3, 4 and 5 in figs. 21, 22
and 23. Although delamination is unlikely to be favoured following tensile
failure in two or more plies, to complete the picture the redistributed stress
systems following delamination over 7 elements after tensile failure in plies
4 and 5 are shown in figs. 24 and 25 for E1/10 and E,/100 respectively.

The results for the maximum tensile stress concentration, the peak interlamin-
ar shear stress and the average tensile stress concentration over the delamin-
ated region are compared in Table V with those obtained for failure in ply 4
alone. As would be expected both the tensile stress concentrations and the
peak shear stresses are significantly higher following the tensile failure of
two or more plies. However the non-symmetrical case of failure in plies 4
and 5 is only slightly worse than the symmetrical case of failure in plies 3
and 4. Failure in three plies, 3, 4 and 5, again gives significantly higher
tensile stress concentrations and peak shear stresses for E,/100 and E,/1000,
but the effect is much less marked for E,/10.

DISCUSSION

Tensile stress-strain curves for the woven carbon/epoxy specimen modelled in
figs. 1 and 2, under quasi-static and impact loading, are shown in fig. 26¢6),
In each case a mean curve is given for loading in the warp and the weft dir-
ections. The approximate limit of linear elastic behaviour is indicated.
At the quasi-static loading rate this occurs at a stress of about 250MPa and
is followed by a significant region of damage accumulation before final fail-
ure at a strecs of about 420MPa and a strain of 1.3%. At the dynamic rate
the elastic regicn extends up to a stress of about 500MPa and the subsequent
damage region is much less extensive, final failure occurring at a stress of
about 535MPa and a strain of 1.2%. A small effect of strain rate on the
tensile elastic modulus is apparent. This has been ignored in the previous
finite element analyses which were all based on the quasi-static elastic con-
stants given in Tables I and II.

It was suggested in the introduction that a possible mechanism whereby tensile
failure might be initiated in woven reinforced laminates was the break-up of

[ 3 o
the resin matrix. For the woven reinforcement geometry shown in Fig. 1 the

maximum extension obtained when all axially-aligned fibre tows are fully
straightened over the entire émm parallel gauge length of the specimen is only
~0.02mm, corresponding to an anelastic strain of ~0.335%. In practice exper-
imental evidence(® suggests that the damage zone extends over no more than
one half~wavelength of weave either side of the fracture surface, i.e. over
one unit cell in Fig. 1, reducing the effective anelastic strain when averag-
ed, as in Fig. 26, over the full gauge length, to only ~0.112%. In the event
this agrees very well with the actual anelastic strain determined experiment-




TABLE V
Tensile and Shear Stress Distribution for 2 or 3 Failed Plies

Failed Tensile Modulus of Failed Plies
Plies
E;/10 E,/100 E,;/100C
4 only Max Tensile Stress Concentration 2.1x 2.7x 2.8x
Peak shear stress (MPa) 30 49 50
4 only Max Tensile Stress Concentration 1.3x 1.9x 2.1x
+7Del  Average Tensile Stress Concentration 1.1x 1.3x 1.3x
Peak shear stress (MPa) 19 58 69
3+ 4 Max Tensile Stress Concentration 2.5x 3.8x 4.0x
Peak shear stress (MPa) 37 70 80
4 + 5 Max Tensile Stress Concentration 2.6x 4.1x 4.5x
Peak shear stress (MPa) 38 75 85
3+4+5 Max Tensile Stress Concentration 2.8x 5.2x 5.8x
Peak shear stress (MPa) 38 90 100
4 + 5 Max Tensile Scress Concentration 1.5x 2.8x
+7Del  Average Tensile Stress Concentration 1.2x 1.8x
Peak shear stress (MPa) 25 90

ally at fracture under the impact rate of loading. It requires that resin
break up occurs in all 6 reinforcing plies at a given cross-section. If we
assume that this initiates in ply four in the centre of the gauge length, see
fig. 27, and that resin break-up has a similar effect to delamination over the
unit cell in which it occurs, then the results in Table V give an estimate of
the average tensile stress concentration factor and the maximum interlaminar
shear stress close to the failed ply. For a reduced tensile modulus of E,/10,
to model resin break~up, and for delamination over 7 elements, these are 1.1x
and 19MPa respectively, although the latter is probably an overestimate as it
foliows from the condition that failure occurs when the overall applied strain
reaches 1.35% which; as was discussed earlier, corresponds to fibre fracture
rather than resin break-~up.

Experimencal measurements of the average interlaminar shear stress (ILSS) at
failure in this laminate give values of ~26MPa under quasi-static and ~45MPa
under impact loading‘’’.  Further local delamination, or fibre pull-out, is
unlikely, therefore, in the impact tests although possible, perhaps, under
guasi-gtatic loading. Assuming that resin break-up initiates at an applied
stress of ~500MPa, the limit of the linear elastic region for the impact tests
in fig. 26, the local tensile stre~ ‘n the adjacent plies will be raised to
~550MPa. This is unlikely to be high enough to cause tensile fracture of the
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neighbouring fibres or fibre tows but could well be sufficient to promote the
break up of the resin in the acdjacent unit cells in plies 3 and 5, further
raising the local tensile stresses, by a factor of 1.2x, and the local peak
ILSS, to ~25MPa, and extending resin break-up into plies 2 and 6 and finally
into ply 1.

The experimental stress levels recorded in fig. 26 are determined from the
applied load and the total cross-sectional area in the specimen gauge region,
nominally 17.5mm%. If, as described above, all the carpon fibre tows remain
unfractured at the point when resin break-up has occurred in all six plies,
the effective stress carried by the axially-aligned carbon fibre tows will be
given by the applied load divided by the cross~-sectional area of these tows,
approximately one third of the nominal overall cross-section, i.e. ~1600MPa
for the impact stress-strain curve of fig. 26, well into the range where
carbon fibres might be expected to fail in tension. The general process de-
scribed above will still be valid, however, even if carbon fibres begin to
fracture before this point, provided the extent of fracturing is not so great
as to give complete separation of the specimen before the anelastic strain
reaches ~0.11%. This is not impossible, bearing in mind the generally
qualitative nature of the present discussion and the uncertainty regarding the
precise values of the controlling tensile and shear stresses at which the
different damage mechanisms initiate.

The principal differences between the tensile behaviour under quasi-stacic and
impact loading are a) the much lower stress at which the anelastic damage reg-
ion starts, ~250MPa, in the quasi-static tests, b) the much greater extent of
this region, up to a strain of ~0.33%, and c¢) the lower final fracture stress,
~425MPa as compared to ~535MPa under impact loading. If the start of the
anelastic region is controlled by the onset of a process of matrix break-up
then the higher stress level at wnich this occurs in the impact tests follows
from the very marked strain rate dependence of the flow and fracture stresses
for epory resin(®9, More difficult to explain, however, are the extended
damage region and the lower fracture stress in the quasi-static tests.

Considering, for example, the effect of strain rate on the composite fracture
stress. There is experimental evidence to suggest that the tensile fracture
strength of carbon fibre tows, over some six orders of magnitude, is totally
insensitive to strain rate (10), If, as suggested above, fracture of the
composite in the impact tests follows resin break-up in all six reinforcing
plies but with no prior fibre fracture, the actual fibre fracture strength is
of the order of 16C0MPa. For this also t. ve the fibre fracture strength in
the quasi-static tests, when the scress applied to the composite specimen was
only ~425MPa, it is necessary for ~20% of the axially-aligned carbhon fibres
to have fractured before the composite as a whole fails. However, if we
model fibre fracture in terms of a reduction in the tensile modulus of E,/100
(since a further reduction to E,/1000 has a relatively small effect) much
higher tensile stress concentration factors are developed in the neighbouring
plies than for the case of resin break-up. Thus, from Table V, the peak
tensile stress concentration factor in the absence of delamination is ~2.7x
when one ply fractures, rising to ~4.0x when two plies fracture, high enough
to give local tensile stresses of the same order as the expected fracture
strength of carbon fibres. These stress concentration factors, however, are
derived using a two-dimensional finite element analysis and correspond to the
case of failure of the entire reinforcing ply. Fractures of individual tows
or small groups of individual fibres would probably be less effective as
stress raisers and catastrophic failure thereby avoided.
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There is also the problem of explaining the increased anelastic region before
failure at the quasi-static rate. 1If fibre straightening over one unit cell
is the mechanism to give the anelastic strain of 0.11% in the dynamic tests
then the same process over the entire gauge length of three unit cells could
give the anelastic strain of 0.33% observed in the quasi~-static tests. How-
ever resin break-up over the entire gauge length was not observed experiment-
ally although it surely would have been had it taken place. Alternatively the
damage region in the quasi-static tests may be the result of a combination of
resin break-up and fibre straightening on the one hand and fibre fracture and
pull-out on the other. A very small fibre pull-out, of the order of only
0.01lmm, would be sufficient and could arise following limit-ed fibre fracture,
provided catastrophic failure and rapid unloading did not precede, and thereby
prevent, the pull-out process.

There are, therefore, two reasons for proposing limited fibre fracture before
final failure in the quasi-static tests, namely to account for a) the differ-
ent composite fracture stress levels and b) the increased region of anelastic
strain. While, as suggested above, there may also be limited fibre fracture
preceding final failure in the impact tests, in this case the higher tensile
stresses make a subsequent early catastrophic failure more likely. Also the
higher critical shear stress required for interlaminar failure or pull-out
makes these processes less likely, consistent with the reduced damage strain
observed under impact loading.

The results support the suggestion made earlier that the initial failure pro-
cess in the given woven-reinforced ply involves break-up of the resin followed
by the fracture of individual fibres or fibre tows and by limited fibre pull-
out. Processes controlled by the applied shear stress, i.e fibre pull-out,
play a greater part in the quasi-static tests where the shear resistance is
low, leading to higher overall failure strains while fibre fracture, assuming
no rate dependence of the fracture strength of carbon fibres, predominates at
impact strain rates where the applied tensile stresses are higher, giving a
reduced overall damage strain.

Although this discussion confirms that gross simplifications were indeed made
in the previocus laminate theory approach and provides instead a much more de-
tailed description of the tensile failure process in woven carbon/epoxy lam-
inates, it is still not easy to see how the complicated interaction between
these varicus damage mechanisms can easily be modelled by numerical methods.
We are stiil a long way from developing a realistic constitutive relationship
for such materials which reflects the mechanical processes actually taking
place during deformation. However, on the positive side, it is possible to
make some assessment of the relative importance of different damage mechanisms
at different rates of loading. Thus the present results would suggest that
some increase in the damage which could be sustained under impact loading
might be achieved if the increase in shear resistance at these rates could be
minimised, possible by some appropriate surface treatment of the fibres.




CONCLUSIONS

The finite element method has been used to study the stress distribution in
a woven carbon reinforced laminate following ply failure, either by break-up
of the resin matrix or by fibre fracture, both with and without subseguent
delamination. The results have been discussed in the light of experimental
evidence obtained at both a quasi-static and an impact rate of strain.

Initial ply tensile failure may be related to break-up of the matrix at an
applied stress which increases with increasing strain rate. 1In impact tests
the subsequent anelastic deformation may be accounted for in the main by the
straightening of the axially-aligned woven tows. This is followed by fibre
fracture leading to immediate catastrophic failure of the laminate. At
quasi-static rates of strain fibre straightening alone cannot explain the
extent of the anelastic deformation. It is suggested that in this case the
additional anelastic deformation derives from limited fibre fracture and some
associated fibre pull-out prior to catastrophic failure of the laminate. The
reduced extent of anelastic deformation under impact loading, therefore, is
thought to be due, in part, to the much higher interlaminar shear strength at
these ratss of strain.
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Fig. 3

Tensile and Shear Stress Distribution for Failure
in Ply 4 (modulus reduction: x0.1)
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Tensile and Shear Stress Distribution for Failure
in Ply 4 (modulus reduction: x0.01)
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Tensile and Shear Stress Distribution for Failure
in Ply 4 (modulus reduction: x0.001)
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Tensile and Shear Stress Distribution for Failure in Ply 4
and Delamination over 2 Elements (modulus reduction: x0.1)
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Tensile and Shear Stress Distribution for Failure in Ply 4
and Delamination over 5 Elements (modulus reduction: x0.1)
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Tensile and Shear Stress Distribution for Failure in Py 4
and Delamination over 7 Elements (modulus reduction: x0.1)

a) Tensile stress concentration factor

c t oo ootz C ooz CoD4 coch ©.0%6
Position (m)

O-1 + - 27 ©0O~-3" a=~5B x - 6B

b) Interlaminar shear stress (MPa)

-
-

R x 4 T LA SR TN S =y Ty T T T Y
=& ; - T T T Y

O 001 cocz coG3 O 0C+4 0.005 t.o06
Position (m)

[#]

D-1T7 + - 27 ©0~-3r a4~5B x - 6B

(O P PRI I




Tensile Stress Concentration Factor

(MPa)

Shear Stress

Fig. 9

Tenéile and Shear Stress Distribution for Failure in Ply 4

and Delamination over 2 Elements (modulus reduction: x0.01)
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Tensile and Shear Stress Distribution for Failure in Ply 4
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Fig. 11
Tensile and Shear Stress Distribution for Failure in Ply 4
and Delamination over 7 Elements (modulus reduction: x0.01)
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Fig. 12
Tensile and Shear Stress Distribution for Failure in Ply 4
and Delamination over 2 Elements (modulus reduction: x0.001)
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Tensile -and Shear Stress Distribution for Failure in Ply 4
and Delamination.over-5-Elements (modulus reduction: x0.001)
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Tensile and Shear Stress Distribution for Failure in Ply 4
and. Delamination over 7 Elements- (modilus reduction: x0.001)
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Fig. 15

Tensile-and Shear Stress, Distribution for Failure
- in-Plies 3 and-4 (modulus.reduction: x0.1)
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} Fig. 16
Tensile and: Shear Stress: Distribution for Failure
in Plies 3 and 4 (modulus reduction: x0.01)
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Fig. 1
, Tensﬂe and Shear Stress Distnbutton for Failure
o in Plies 3 and 4 (modulus reduction: x0.001)
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Tensile and: Shear Stress Distribution for Failure
in'Plies 4 and 5§ (modulus reduction: x0.1)
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Tensile and Shear Stress Distribution for Failure
in Plies 4 and 5 (modulus reduction: x0.01)
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Tensile and Shear Stress Distribution for Failure
in Plies 4 and 5 (modulus reduction: x0.001)
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Tensile and Shear Stress Distribution for Failure in Plies
3, 4 and 5 (modulus reduction: x0.01)

a) Tensile stress concentration factor
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Tensile and Shear Stress Distribution for Failure in Plies
3, 4 and 5 (modulus reduction: x0.001)

a) Tensile stress concentration factor
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Tensile and. Shear Stress Distribution for Failure in Plies 4 + 5
and Delamination over 7 Elements (modutus rer'iiction: x0.1)
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Tehsile and Shear Stress Distribution for Failure in Plies 4 + 5
and Delamination over 7 Elements (modulus reduction: x0.01)

a) Tensile stress acncuntntien factor
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Stress Wave Propagation in Hybrid
Composite Materials

Y.L.Li; C.Ruiz and J.Harding
Departmment of Engineering Science
University of Oxford

Abstract

In this report, the dynamic response, in particular, the interlaminar shear
stress, in three-layer symmetrical hybrid composites is studied using the shear
lag model. Theoretical solutions for four different types of loading are ob-
tained. Numerical examples are given for the step loading case and the re-
sults obtained show good agreement with those determined using the finite
element method. The interlaminar shear stress is composed of static and
dynamic parts and the peak interlaminar shear stress, which occurs at the
loading end under the step uniform pressure loading, is dominated by the
static stress and is dependent on thé Sti_ffness ratio between the centre and

the outer plies. This agrees with the solution for the infinite length case, see
reference{1}.

1 Introduction

When a composite structure is loaded impulsively, stress waves propagate in the
constituent phases. For hybrid laminates in which the modulus of each layer is
different, axial stress waves propagate at different speeds in each layer, creating
dynamic shear stresses at the interfuce. This dynamic shear siress may cause
delamination. In reference|l}, two scmi-infinite layers with uniform cross section
but different clastic properties bonded together to form a composite structure
are subjected to a pressure step loading over the end. The shear stress at the
interface is given in the form of a integral solution. The results show that the
peak interlaminar shear stress occurs at the loading end. No reflection of the

axial stress wave was considered since the only case treated was for infinitely long
members.

In the present work, a composite bar consisting three plics is studied. The two
onter plies have the same propertics, different from those of the central ply. The

*on tenve fram the Northweatern Polyfechnicnt University, Xi'an, China



analysis is based on the assumption of a shear lag model{2-7]. The fibres carry
only axial normal stress and the matrix transmits only shear stress.

Thec equations of motion are solved by using the finite Fourier and Laplace
transform techniques. The axial stresses, displacements and the shear stress at
the interface are obtained in series form. They consist of static and dynamic parts
under a uniform pressure step loading. The peak interlaminar shear stress occurs
at the loading end and is dominated by the static part . The second largest shear
stress is found in the vicinity of the slower stress wave front, in agreement with
the conclusion in reference(1] for the infinitely long case. If the loading ratio at
the end of each layer is equal to the stiflness ratio, i.e. there is compatibility of
displacements, the maximum shear stress occurs in the same position at which
the second peak value occurs under the uniform pressure and is dominated by the
dynamic part. The static part is equal to zero at all times. The numerical results
agree with the resnits of the finite clement code of ABAQUS .

2 Mathematical formulation

2.1 Analytical model

The analytical model is shown in Fig. 1(a). It consists of three fibre reinforced
layers which are bonded together to fofm the symmetric composite structure. The
‘two outer layers have the same properties and are different from the middle layer.
The structure is excited by the dynamic loading Py9(t) over the end of the two

outside layers and Py(t) over the end of the middle layer, thus producing an axial
clastic wave in cach layer.

It is assumed that stress and strain are uniform over the cross section of each
layer and act solely in the axia! direction. Transverse displacements ({from Poisson’s
effect) and bending are neglecten. The analysis is simplified further by neglecting
the bond inertia and assuming that the interlaminar shear stress is, thercfore,
proportional to the difference between the displacements of the two adjacent layers.
Since only axial displacements are involved, plane sections remain plane in cach
individual layer. However, plane sections do not remain planc in the composite

structure as a whole since relative displacements are allowed between the two layers
across the bond region.

2.2 Equation of motion

An clement of the composite structure is shown in Fig. 1(b). Each layer has a
Young’s modulus F;, mass density p;, cross scctional arca A;, displacement u(z,t)
and tensile stress o;. Subscripts 1 and 2 are used to identify the outside and middle
layers respectively, The hond has a thickness hy,, width b and shear modulus G.
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The composite structure has a length L. In order to obtain the homogeneous
boundary condition, it is assumed that the dynamic loading q(x,t) is distributed
along each layer. If q(x,t) is equal to §(x-L)P:y(t) (§(x-L) is Kronecker function),
the boundary conditions can be introduced into the equations of motion. Because
of symmetry only the top layer and half of the central layer are considered.

From equilibrium of the element, the equations of motion are given by:

Aoy + %——dm —01) + Thdz + Ayqy(=,t)de = py Ay aat; de (1)
do 8u
As(os + -Efd:c — 03) — 2rbdz + Azq(z,t)de = pgAz—'éiiz'dw (2)
The axial stress and the displacement are related by:
6u,
while the shear stress in the bond 'r(:c,t) is given by :

\ T(z,t) = 'G“"""‘““(u;_ ), (4)
Substituting gi(z,t) by (= — L)P;y(t), equations (1) and (Z) can be rewritten:
0u O*u
E¢46;+~4m w) 4 A 6(x — L)Py(t) = “&Emi (5)

u 0*u
EgAz'a—m;‘ - 2-,;;(11.2 ul) + Az (:B — L)Pﬂ[)(t) = 2A2 8 2 (6)

To simplify equations (5) and (6), the following dimensionless parameters are
introduced:

Gb 4 Gb
g

(N1

=lEame = ham

B4 E,

" E4, T E

- Ez/ L2/p2 - )

E1P1 P
b Ay P,

N OB (7
Thus, equations (5) and (6) are expressed as follows
3211.1 7 8211.1 ’ ’




5? ) 16?2
38~ 20lu = )+ p1B8(e ~ L)) = L 5 (9)

2.3 Initial and boundary conditions

In order to simplify the problem, zero initial conditions are assumed:

us(£,0) = 91’%%—-’ = ua(g,0) = 2200 = g (10)

The end loading has been introduced into the equations of motion, so the
boundary conditions are homogenous:

u1=u2=0 6=0 (11)
6u1 6’%2 _ -
--—6—_66 =0 ¢é=a (12)
where
. Gb
a = IElAlhm] L (12)

Although end loads have been introduced into the equations of motion by 6(x-
L)P;9(t), the boundary conditions of the zero pressure of equation (12) at the
end have also been imposed. This zero boundary conditions force the axial stress
solution to be equal to zero at the end. The equilibrium at loading end can not
be obtained unless the real loading pressure is added to the axial stress solutions
at the loading end.

2.4 Solution

First, Laplace transform in ¢ and the finite sine Fourier tra:sform in £ are intro-
duced, giving

fes) = [ e 0)ed

and .
£(6,0) = 5 [T 0)eds (14)
and hénce . ot
. a _ T
F(n,8) = - [" F(6, a)sin” 2 de
and

fe) =23 f'(n,s)sin?’é’{f n=1,3,5. (15)
n=1
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Equations (8) and (9) are now transformed to:

(GT)' 414 75" " = Po=1)"F B (16)
~2a1fy* + [(--—-) +20+° ]‘U.z = YBPy(—1)"T (s\ (17)
where
p
Py = I (18)

The solution of equations (16) and (17) is detailed in the appendix, giving
- P Q

a1'(n,8) = Po(=1)"F §(s)(—= Trx T Iy (19)
82 (n,5) = YBP(-1) T HoN g + 7o) (20)
where
A=(5) 41 B=d(p) +2

2 2 2 2
X - B —~vfc _
Pt Q=1-P
E X-A-3 F=1-E
=T L 1

Performing the Laplace inversion and the finite sine Fourier inversion, the
displacements in the structure can be given as:

u1<e,o=2Po§( 1) [P, + Qf Jsins-¢ (21)
ug(€, C)—2c7ﬂPoZ( )% [Bf. + Fflsin¢ (22)
where
fo= [ #0)7einVE(C - Wi (29)
f,= / ¢(u)—-\/—--sms/if‘<<—'u)du (@)

5
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From equations (3) and (4), the axial stresses and the shear stress in the bond
region can be obtained:

2P1 2P 1) —-(_,,){p fo+Q fy]coa——f + P8 - a)p(¢)  (25)

nz=}

oa—gﬁfijo- {(CTNES, + Ffleos it + Pat(E - a)d(O)  (26)

nx=l

2mﬂler“cwE P)f. + (exfeF - Q)fJsinz¢  (27)

In equations (25) and (26), the last term is added to satisfy the aquilibrium
conditions at the loading ends. If the integral of equations (23) and (24) can be
completed, which depends on the loading function ¢(¢), the analytical solution of
the problem can be obtained. Four example of loading function where this is so
are given below.

Example 1 Kronecker é-function

$() = 6(¢) (27)
$0
¢(¢) = 8(¢)
and the integral of the equations (23) and (24) can be easily completed:
fo= %_fsim/fg (28)
£, = -—-\/1__?3in\/}_’( (29)
Example 2 Step-function
t>0 .
wo={} =, (30)
£0
_ 11 ¢20

Introducing this into equations (23) and (24) and performing the integrals the
results are:

fe= _511; - -——cosx/—g’ (31)

o o R
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f, = %— - -;;cos\/?c (32)

In this example, the impulse is applied as a step loading and the displacement,
axia’ .ess and shear stress in the bond region consist of static and dynamic parts.
The dynamic part is similar to the solutions of example 1.

Example 3 Ramp-loading

() = kt (33)
s0
$(¢) = kg
where
Gb i
kl = k[PIAlhm

Completing the integrals of equations (23) and (24) , the following results can
be obtained:

fo= - :/l_fsim/iic] (34)

ky 1 .
fo= - "‘\/——78"'-\/? (] (35)

Fro1 equations (34) and (35) it can be found that the response of the structure

under ramp loading consists of two parts. One part is the ramp response and the
other is vibration on the ramp.

Example 4 Triangle-function loading

P(t) = sinwt (36)
S50
#(¢) = sinw,(
where
_ G -
Y= Ak,

The following equations can be obtained from equatioas (23) and (24) after
integrating:

e 4 Y




i

1 wysinV X ¢ — VX sinwy

fﬂ-' - \/’X‘[ wlz - X ] (37)
1 w18inVY ¢ — VY sinwy ¢

fy'“ \/)7[ wiz_y ] (38)

3 Numerical example comparison with finite el-
ement method

For the numerical solution only the step loading case has been treated. The elastic
properties of the structure were chosen to correspond to those for a woven hybrid
composite consisting of a central layer reinforced with carbon fibres and outer
layers reinforced with two plies of glass fibres. Two cases are considered. In the
first case, the loading is a uniform pressure on all the layers, i.e.

P1 = Pz = 500.0MPG

which corresponds to a sudden tensile or compressive load at the end of struc-
ture. In the second case, the ratio of the loading in the different layers is equal to
«ne ratio of the moduli of these layers, i.e.

and

P1.A1 + PzAz = 500‘0(.41 + Az)

This case corresponds to a uniform strain in all layers and is the one that
prevails when the load is controlled by the end displacement. The geometry of the
laminate is h;=0.0002 m which is approximately equal to the thickness of two plies
of woven glass reinforcement and h, =0.00027 m which is about the thickness of
a ply of woven carbon reinforcement. The thickness of the bond region, A,,, and
the overall length, L, are arbitrarily chosen to be 0.00002 and 0.02 m, respectively.
The moduli in the axial direction of the carbon ply and glass plies are:

E.=45.3MPa

E; = 16.6M Pa

which were obtained by expérimental measurement(8]. The elastic properties
of the epoxy resin used for the adhesive layer and for the matrix were taken to be:

E, =172MPa v=034




Substituting from equations (31) and (32) into equations (25), (26) and (27),
the final expressions obtained for the axial stresses and for the shear stress in the
bond region under the step loading are:

o= TS PG + )~ (reonEe
+3,—coaﬁ<)1cos§§e+m(s ~ a)(¢) (39)
2Poz ~.... nw F E
oy = — ~1) — M=+ =) - ——coa\/f
ZLEUTG "5 + ) - (eosEe
+-I~/—cos\/}—’()]cosgz-§ + Poab(€ — a)o(¢) (40)
2A1Po1 _—,.1 cBE-P  cyfF-Q
=75 =1 Ty )
C‘rﬂE - P cyBF - Q ., T
—(W—k-—wcos\/fc + “‘”—}7““*008\/?()]81“%5] (41)

It is clear that all the stresses consist of a static part, the first term in equations

(39), (40) and (41), and a dynamic part, i.e. the second term. So the static stress
distribution under static loading can be expressed as follows:

2Py &

r= TS (1) iz + + Heos g
+Pi6(¢ - a)4(0) (42)

ru = T S (1) P (G + Fleosnt
+P5(E ~ a)4(C) (43)

2A P u—l F
1 12(“1) cvﬂi P+C'7ﬁy Q
n=1

Te =

)s m (44)

If the material properties and geometrical parameters are introduced into equa-
tions (39) to (44), numerical results can be obtained with an accuracy that depends
on how many terms are involved in the calculation. In the present example, a series
of 1000 terms was used to'calculate all the stresses.

In order to check the accuracy of this solution, the finite element method was
also used to solve the same problem. Two finite element solutions were obtained,




one with a relatively coarse mesh in which half the model is divided into 300 plane
strain element of eight nodes and a second where it is divided into 1000 plane
strain elements, also of eight nodes, as shown in Fig. 2.

4 Numerical results

Fig. 3 compares the tensile stresses and the shear stress in the bond region obtained
by the present analytical solution with that for the two finite element solutions
under static uniform pressure. It is found that the shear stress in the bond reaches
a peak value at the loading end and declines stéeply from this maximum value to
zero in a very short distance. Good agreement is found between all three solutions
except at the loading end where the shear stress in the bond region has its peak
value. This maximum value is 157 MPa for the present numerical solution, 125
MPa for the finite element method with a coarse mesh division and 152 MPa for
the finite element method with a fine mesh division. The percentage error in terms
of the analytical solution drops from 22.3 to 3.5 when the mesh is refined. This
suggests that the analytical solution is very efficient and the results obtained are
accurate.

Fig. 4, 5 and 6 show the axial stresses and the shear stiresc at 1.75 us, 3.5 us
and 7.0 ps respectively after the uniform step pressure is applied at the loading
end. In this case, the maximum shear stress still occurs at the loading end and
is dominated by the static value. For each axial stress wave obtained from the
analytical solution, there is an initial short period of ‘noise’ just ahead of the main
wavefront. Corresponding to this ‘noise’, the shear wave shows a similar effect.
Ignoring these effects, the sccond peak value of the shear wave is in the vicinity
of the front of the slower axial wave. This peak value is totally contributed by
the dynamic part. The numerical solution agrees with the finite element results
for both meshes. Except at the loading end, however, where the results of the
finite element method for the finer mesh are closer to the analytical solution, little
difference can be seen between the two finite element solutions.

It is quite clear that, following reflection at fixed end, the shear stress in the
bond region is less severe than might be expected with a peak value less than that
at 1.75us and 3.50us, i.e. before the stress wave reflection.

Fig. 7, 8 and 9 show the axial stresses and shear stress in the bond region when
the ratio of the loading applied to each layer is equal to the ratio of the moduli
of the layers. In this case, the static shear stress in the bond should approach
zero. That this is predicted by the numerical solution can be seen from equation
(41). Simplifying equation (41) further, the shear stress under step loading can be
expressed in the form :
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(a) Coarse mesh division
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(b) 'Finer mesh division

Fig. 2 Finite Element Model
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The first term is the static part and, if y8 = 1, is identically equal to zero. So
the bond shear stress is dominated by the dynamic part, Again an initial short
period of ‘noise’ precedes the main axial wave and the main shear wave. The
maximum shear stress occurs in the vicinity of the first peak on the slower axial
stress wave. The maximum shear stress value is about the same as the second
peak value for the uniform step pressure loading,.

5 Discussion and conclusions

The analytical method of solution offers a clear advantage over the finite element
approach when dealing with these simple geometries and forms of loading in that
it is considerably less demanding in terms of computational time, Using a micro-
computer, it requires less than 30 minutes CPU against almost 40 hours CPU for
the finite element solution with 1000 elements. It is, therefore, particularly suitable
for parametric studies leading to the design of composite structures. Of course,
it cannot cope with a complex geometry, such as may be found in engineering
practice, where only the finite element technique can solve the problem.

The shear stress has been found to reach a very high peak value under a uni-
form pressure loading, a case that is not likely to be of great practical importance
in most thin-wall laminates where loading will tend to be governed by compatibil-
ity of displacement. Thus, under a uniform pressure, the shear stress can reach up
to about 30% of the applied pressure, depending on the ratio between the elastic
moduli of the layers. This may induce delamination. In contrast, under uniform
displacement, the shear stress is considerably lower, although, in the typical exam-
ple that has been treated, it is still quite significant. In either case, the analytical
method highlights the contribution of stress wave action to the overall stress by
splitting the solution into static and dynamic terms. This is not done explicitly
by the finite element method where only a global solution is obtained. The static
term is found to be important in the uniform pressure case and zero in the uniform
strain case, where only the dynamic effect is present. Thus the difference between
static and dynamic loading is made more apparent: it is possible, for example, for
a laminate to develop delamination when loaded dynamically when it would not
do so under static loading conditions.

. The present solution has also revealed what happens when the stress wave is
reflected at a fixed end, showing that the interference between the fast and slow




PR

waves leads to a situation that is less severe than might be expected.
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Appendix I

Solving the equations (16) and (17):

(G +1+s -1
—2a (33) +2a+ %

b

z[(A-i—s )(B + §*)] ~ 2

= =[s* + (A + B)s* + (AB - 2ac] (I-1)

o -

Po(-1)"F §(s) -1
YBPy(~1)" B(s) [(Z2)* + 20 + 2]

= Py, 7“'65(3)%{(3 + %) 4B (I-2)

| R(-1)T g(s)
—2a ¥BPy(~1)"7 §(s)
= 9BPy(=1)"F §(s)[(A + &%) + ;5}

= Z[s* + (A + B)#? + (4B - 2a0) (I-3)

From the equation (I-1) to (I-3) the solution of equation (16) and (17) can be
obtained:

e PR Bis tode -

0 = PO("']') ¢\8)84 " (A+ B)32 + (AB - 2ac) (I 4)
L A48 + )
W =R e a7

In order to perform the Laplace inversion easily the form of these solution has
to be changed. Noting that we can write

(A+ B)’ —4(AB - 2ac) = (A ~ B)’ + 2ac > 0 (I--6)

the denominator of equations (I-4) and (I-5) can be written in the form:

8* +(A+ B)s* + (AB - 2ac) = (s* + X)(s* + Y) I-17

where

12




R
X=-4-ﬂ—\/(u) + 2ac (I -8)
2 2
_A+B /A—B’
Y = 5 +\( 3 ) +2ac (I-9)

It is true that:

V(4 + B)’ — 4(AB - 2ac) < (A + B)

so X and Y are always positive. Now it is not difficult to change equations
(I-4) and (I-5) into equations (19) and (20).




Reference

[1] R.G.Payton “Dynamic Bond Stress in a Composite Structure Subjected to a Sudden
Pressure Rise,” J. Applied Mechanics, Vol. 82, No.8, 1965, p643-650

[2] C.S.Chang and H.D.Conway “Bond Stress in Fibre Reinforced Composite Subjected
to Uniform Tension,” J. Composite Materials, 2(1968), p168-

[3] J.M.Hedgepeth and P.V.Dyke “Local Stress Concentrations in Imperfect Filamen-
tary Composite Materials,” J. Composite Materials, 1(1967), p294-

[4] H.Fukuda and Tsu-Wei Chou “An Advanced Shear-Lag Model Applicable to Dis-
continuous Fibre Composite,” J. Composite Materials, Vol. 15, 1(1981) p79-91

[5] Ji Xing, G. c. Hsiao and Tsu-Wei Chou “ADynamic Explanation of The Hybrid
Effect,” J. Composite Materials , Vol. 15, 9(1981) p443-461

[6] J.A.Nairn “Fracture Mechanics of Unidirectional Composites Using the Shear-Lag
Model I: Theory,” J. Composite Materials, Vol. 22, 6(1088) p561-588

[7) J.A.Nairn “Fracture Mechanics of Unidirectional Composites Using the Shear-Lag
Model I: Experiment,” J. Composite Materials, Vol. 22, 6(1088) p589-600

[8] J.Harding, K.Saka and M.C.Taylor “Effect of strain rate on the tensile failure of
woven-reinforced carbon/glass hybrid composite,” Proc. IMPACT 87, (DGM Infor-
mationagesellschafft mbH, Oberursel), 2, (1987) p679-586

15




APPENDIX VI




MECHAN!CAL BEHAVIOUR OF COMPOSITE MATERIALS
UNDER IMPACT LOADING

by

J. Harding

Report No. OUEL 1851/90

(Presented at EXPLOMET 90, University of San Diego,
California, August 1990)

University of Oxford
Department of Engineering Science
Parks Road
OXFORD
0X1 3pJ

Tel. (0865) 273000

A ol Dt MM SO




MECHANICAL BEHAVIOUR OF COMPOSITE MATERIALS
UNDER IMPACT LOADING

J. HARDING

Department of Engineering Science
University of Oxford
Parks Road, Oxford 0X1-3PJ, U. K.

The problems of characterising the mechanical behaviour
of composite materials under impact loading are discussed.
Techniques for determining such behaviour for tensile, comp-
ressive and shea. loading are described and some qualitative
conclusions are drawn from the results obtained.

[. INTRODUCTION

The rate-dependence of the mechanical properties of metallic type materials may be
determined using standard designs of test-piece. The macroscopic response of the
bulk material, for well defined loading systems, may be related to data obtained in
such tests and analytical functions, i.e. constitutive relationships, may be derived.
These can then be used to describe the mechanical behaviour of structural compon-
ents of different geometrical shapes and under more complex loading systems. For
composite materials, however, where there are two or more phases present, several
complicating factors arise. For example, the overall rate dependence of the comp-
osite will depend, to a greater or lesser extent, on the rate dependence of each of
these various phases. Also of importance will be the reinforcement configuration,
e.g. unidirectional, cross-ply or woven, and the type and direction of loading, e.g.
tensile, shear or compressive. Thus for a unidirectionally-reinforced composite
under tensile loading in the fibre direction, where fibre fracture is likely to be the
process controlling the failure of the composite, the fibre properties may be expected

to determine the rate dependent behaviour. In contrast, for woven reinforced mat-

B kectand et e ot s 1

b S bt o




erial loaded in compression in one of the principal directions of reinforcement, where
a fibre buckling process is likely to control failure, the properties of the matrix will

have a greater influence on the overall raie dependence.

A further complicating factor, however, for all multi-phase materials, is the pre-
sence of interfaces and hence the possibility of additional failure processes associated
with the interface, for example, by deplying or interlaminar shear mechanisms. It
becomes necessary, therefore, to consider whether the critical conditions under which

such processes occur are also rate dependent.

In the light of these various factors it is clear that a full characterisation of the
mechanical behaviour of composite materials at impact rates of straining is likely to
require the use of a wider range of test configurations and test-piece designs than are
commonly encountered in the testing of simpler single-phase metallic materials. The
present review describes several of the techniques which have been used and discuss-
es the results which have been obtained. Although in some of these tests it is diff-
icult to distinguish between the various failure processes and their individual depend-
ence on the rate of loading, so that a detailed interpretation of the results may not

be possible, some general conclusions may be drawn.

II. REVIEW OF EXPERIMENTAL TECHNIQUES

Problems of data interpretation arise in all testing techniques used at impact rates of
loading. For homogeneous isotropic metallic materials, however, these problems are
least severe when the testing technique is based on the split Hopkinson pressure bar
principle. For this reason all the experimental methods to be described here will
also be based on this principle, although it is realised that for anisotropic multi-phase
materials these difficulties may be greatly increased. Tensile, compressive and shear
loading configurations will be considered, in each case with a design of test-piece
intended to study, as far as possible, a single failure initiation process, although
subsequent propagation of failure is likely to involve a complex interaction between

several different failure processes.
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In all Hopkinson-bar tests overall specimen dimensions need to be small, so as to
minimise radial inertia and wave propagation effects within the specimen, while care
has to be taken in designing the method of load transfer between the specimen and
the loading bars so as to avoid the introduction of a region of significant impedance
mismatch which could introduce stress wave reflections and thu= invalidate the
Hopkinson-bar analysis. When composite specimens are to be tested the need for
small overall specimen dimensions may conflict with the requirement for a specimen
which is large relative to the scale of the reinforcement while the anisotropic nature
of the composite material can complicate the design of the specimen/loading bar

interface.

A. TENSILE TESTING TECHNIQUES

A tensile version of the Hopkinson-bar apparatus for use with composite specimens is
shown schematically in fig. 1. A cylindrical projectile impacts the loading block and
causes an elastic tensile loading wave to propagate along the loading bar towards the
specimen and output bar. The thin strip specimen is waisted in the thickness dir-
ection and has a very slow taper so as to minimise stress concentraticns due to free
edge effects. The state of stress within the specimen has been investigated using a
two-dimensional finite element analysis. It shows the biggest stress concentrations
to be at the specimen/loading bar interface and to be significantly smaller than the
controlling tensile stresses in the specimen gauge region which is in a state of

uniform tension.

The specimen is fixed with epoxy adhesive into parallel-sided slots in the loading
bars. Strain gauge signals from two stations on the input bar and one on the out-
put bar allow the full dynamic stress-strain curve to be derived using the standard
Hopkinson-bar analysis. However, since most composites fail at low or very low
strains and may show a significant rate dependence of the initial elastic deformation,
for the determination of which the Hopkinson-bar analysis is not very accurate, it is
usual to make, in addition, a direct determination of the specimen elongation using a
fourth set of strain gauges, attached to the specimen itself. A range of fibre re-

inforced polymeric materials have been tested in this way and the results compared
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with those obtained at lower rates of strain. Some of these results are summarised

below and some tentative conclusions drawn.

Initial tests on a unidirectionally-reinforced carbon/epoxy material [1], loaded in
the reinforcement direction, at mean strain rates from ~0.0001/s to ~450/s, showed
no effect of strain rate, see fig. 2a, on the tensile modulus, tensile strength or strain
to failure; nor was there any effect of strain rate on the fracture appearance. Such
behaviour is consistent with the conclusion that the tensile properties of the comp-
osite are entirely controlled by the carbon fibres the behaviour of which is entirely
independent of strain rate. In contrast similar tests [2] on a plain coarse-weave
carbon/epoxy material when loaded in a principal reinforcing direction, see fig. 2b,
showed a small effect of strain rate on the initial tensile modulus and a more
significant effect on the tensile strength and the elongation to failure. Here,
however the woven reinforcement genmetry is likely to result in a stronger inter-
action with the matrix so that the rate dependent properties of the matrix play a

more important role in the deformation process.

The rate dependence is much more marked when glass reinforcing fibres are
used. Tensile stress-strain curves for a plain fine-weave glass/epoxy material [3] are
shown in fig. 2c. The initial modulus and the tensile strength both increase very
significantly with strain rate while, in contrast with the behaviour shown by the
woven carbon/epoxy material, the overall elongation also increases with rate of load-
ing. Part of this increased rate sensitivity may be due to a greater interaction with
the matrix when a fine weave reinforcement is used. More important, however, is
likely to be the rate dependent behaviour of the glass fibres themselves, the strength
of which is expected to increase quite markedly at impact rates [4]. A direct con-
firmation of this in tensile tests on unidirectional glass/epoxy composites loaded in
the reinforcement direction, however, did not prove possible. Although under
quasi-static loading a tensile failure was obtained in the central gauge section of the
specimen, under impact loading failure was invariably by the pull-out of glass-fibres
from the matrix in the grip-regions of the specimen, see fig. 3, [5]. This implies
that the ratio of the tensile strength of the glass fibres to the interfacial shear
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strength between the glass fibres and the epoxy matrix increases with increasing
strain rate. This could be due either to an increase in the former or to a decrease in

the latter.

Further evidence for the relative importance of the tensile to the shear strength
in composite materials was obtained in tensile tests on some coarse satin-weave
glass/polyester specimens, loaded in a principal reinforcement direction [6]. Here
there was a continuous change in both the stress-strain response, fig. 4a, and the
fracture appearance, fig. 4b, from those observed at the quasi-static rate, where a
tensile failure with limited fibre tow pull-out was obtained, to the medium rate,
where a tensile failure was still obtained but fibre tow pull-out was very extensive
and the overall strain to failure was quite high, ~7%, up to the impact rate, where
failure was dominated by shear stresses giving pull-out of the whole central section
of the specimen from the two ends with only limited tensile failure of individual fibre
tows and an overall strain to failure of the order of 13%.

In the light of these results it is necessary to devise a technique for determining
the effect of strain rate specifically on the shear strength of the composite specimen,
i.e. both the interlaminar shear strength between adjacent reinforcing plies and the

interfacial shear strength between fibre tows and the matrix.

B. SHEAR TESTING TECHNIQUES

Several techniques for determining the rate dependence of the interlaminar shear
strength in composite materials have been devised. In two of these [7,8], both
based on the torsional Hopkinson-bar, a very significant increase in shear strength
with strain rate was observed for both woven and cross-ply glass/epoxy specimens.
In contrast, a study of both the interlaminar and the transverse shear strength of a
plain-weave carbon/epoxy laminate {9], using a test based on the double-notch shear
version of the split Hopkinson-bar apparatus, showed no significant rate dependence.
Unlike the previously described tensile tests, however, in none of these various shear

tests was the specimen subjected to a well-defined stress system.
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This problem has been tackled in a more recently developed test [10] which uses
the "double-lap" shear specimen shown in fig. 5a. In this specimen, which has to be
especially laid-up and cannot be cut from existing laminates, failure occurs on pre-
determined interlaminar planes, fig. 5b. The strain distribution along one of these
planes, as derived from a two-dimensional finite element analysis, gives the results
shown in fig. Sc. It is clear that the shear strain on the interlaminar failure plane is
very far from uniform. This is a problem common to most designs of shear spec-
imen. It means that, although we may be able to determine the effect of strain rate
on the critical load at which interlaminar shear failure occurs in the double-lap
specimen, the corresponding shear stresses as estimated from the area of the inter-

laminar failure planes will only be representative values.

With this proviso it may be reported that all such measurements so far made, for
a satin weave carbon/epoxy, a plain weave carbon/epoxy, a unidirectionally rein-
forced carbon/epoxy, a plain weave glass/epoxy and at the interface between plies of
plain weave glass and a plain weave carbon in a hybrid carbon/glass/epoxy lay-up,
showed a significant increase in the interlaminar shear strength at impact rates of
loading. While these results clearly establish the general trend, the wide variations
in shear stress and shear strain along the interlaminar plane at failure make it diff-
icult to determine from these tests a critical value of interlaminar shear stress for use

in modelling damage accumulation processes in composites under impact loading.

C. COMPRESSIVE TESTING TECHNIQUES

The question of specimen design arises again when compressive impact testing of
composite materials is considered. The standard design of specimen for use with the
compression Hopkinson-bar is a short cylinder of diamecter slightly less than that of
the loading bars. Most of the work on composite materials in the compression
SHPB [11,12] has in fact used this design of specimen even though it is far from
ideal for this type of material. In tests on a woven glass/epoxy laminate loaded in a
principal reinforcing direction for specimens with different length to diameter ratio
Parry [13] showed a significant increase in the ultimate compressive strength under

impact loading, see fig. 6a. In the quasi-static tests failure was by a combination of




shear and longitudinal splitting, see fig. 6b, with the possibility that failure was
initiated at the ends of the specimen. In the impact tests the specimens completely

disintegrated preventing any conclusions from being drawn.

Some evidence that the initiation of compressive failure in woven glass/epoxy
composites, at both quasi-static and impact rates, was by a shearing process was
obtained in tests on cylindrical specimens reinforced with a single woven glass ply on
a diametral plane [14]. The first sign of damage was a sudden drop in load on the
stress-strain curve, see fig. 7a, corresponding to a shear failure across the axially-
aligned fibre tow near the centre of the specimen, see fig. 7b. Nevertheless doubts
clearly remain regarding the validity of data obtained using this design of specimen

in the Hopkinson bar test.

However, since the specimen will only be subjected to transient loading, provided
the loading bars are well aligned there is no reason why the waisted thin-strip tensile
specimen of fig. 1b should not also be used in compression. It is close to the design
recommended for the quasi-static compression testing of unidirectional carbon/epoxy
specimens [15] and has the major advantage that failure is unlikely to be initiated by

end effects at the specimen/loading bar interfaces.

Using this specimen design very marked increases in the compressive strength
and the strain to failure under impact loading have been found [16] for both woven
carbon and woven glass/epoxy specimens loaded in a principal reinforcing direction,
see fig. 8.  Failure initiates by shear across the central parallel region of the
specimen on a plane inclined at ~45° to both the loading and the thickness direct-
ions, see fig. 9 for the glass/epoxy specimen. The damage zone is more extensive in

the impacted specimens, corresponding to the much greater strain to failure.

[TII. DISCUSSION
Although considerable data are now becoming available on the impact mechanical
response of fibre-reinforced composites, most of which show that there are quite

significant effects which need to be taken into account, no clear picture is yet

N NS Wy s AR T v N 0

e b




-y~ o

emerging on which to base a general approach, e.g. the development of some form
of "constitutive relationship", which might be used to describe this behaviour, This
may be for many reasons but perhaps primarily because the deformation of fibre re-
inforced polymers is essentially a damage accumulation process involving a large
number of different possible damage mechanisms. The testing techniques described
above make some attempt to isolate and study some of these mechanisms. In other
cases, e.g. in compression, the complex interaction between the fibres and the matrix

make a detailed interpretation of the test data extremely difficult.

An attempt has been made [17] to apply finite element methods to the modelling
of the tensile impact response of hybrid woven carbon/glass/epoxy laminates. Fail-
ure is assumed to initiate at an arbitrarily chosen site by the tensile fracture of an
axially-aligned carbon tow and to be followed by limited delamination on adjacent
interlaminar planes. The results obtained showed qualitative agreement with exper-
iment but the technique cannot yet give a quantitative prediction of the hybrid

impact behaviour.

IV. CONCLUSIONS

Testing techniques have been developed for studying the impact response of fibre-
reinforced composites and for obtaining reliable data on their mechanical behaviour
at high rates of strain. Care is required, however, in evaluating the data obtained if
true "material properties" are to be derived and more work is needed if particular

damage processes are to be isolated and their individual rate dependence determined.
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Fig. 1 Tensile version of split Hopkinson bar (a) general
assembly (schematic) (b) specimen design (dimensions
in mm)
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Fig. 2  Effect of strain rate on tensile stress-strain curves
for composite materials
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(b) woven carbon/epoxy
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Fig. 8 Effect of strain rate on the compressive stress-
strain curves for thin strip specimens of
(a) woven carbon/epoxy and (b) woven glass/epoxy
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Fig. 9 Effect of strain rate on compressive failure mode in
thin strips specimens of woven glass/epoxy under
(a) quasi-static and (b) impact loading
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