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Fatigue behaviour of hybrid composites:

Part 1 Carbon/Kevlar hybrids

G. FERNANDO, R. F. DICKSON*, T. ADAM, H. REITER, B. HARRIS
Schools of Materials Science and Mechanical Engineering, University of Bath,

Bath BA2 7AY, UK

A study has been made of the fatigue behaviour of carbon/Kevlar-49/epoxy hybrid com-
posites. Stress-life data have been obtained for both unidirectional and [(+45, 0, 0),], lami-
nates in repeated tension and compression-tension cycling tests at various values of the stress
(or R) ratio. Goodman (constant life) diagrams are presented for the unidirectional composites
which indicate that the fatigue resistance of hybrid mixtures varies linearly with composition.
The presence of the Aramid fibre, whose natural resistance to compression loads is suspect,
does not appear to exert any unexpected damaging influence on the response of the hybrids
either in tensile or tension—-compression loading. This is also true of the behaviour of hybrid
laminates containing plies at an angle to the main loading direction.

1. Introduction

The concept of hybrid, or mixed fibre, composites
is a natural extension of the composites principle of
combining materials to optimize their value to the
engineer. Mixing two or more types of fibre in one
matrix allows even closer tailoring of composite
properties to suit specific requirements than can be
achieved with a single fibre species. Some hybrids of
current interest represent attempts to reduce the cost
of composites with expensive reinforcements by incor-
porating a proportion of cheaper, lower-quality fibres
without too seriously reducing the mechanical proper-
ties of the original composite. However, of equal
importance is the reverse principle, that of improving
the stiffness of, say, a glass reinforced plastic (GRP)
structure with a small quantity of judiciously placed
carbon or Kevlar-49 aromatic polyamide fibre, without
inflicting too great a cost penalty. In high-technology
fields the question of cost may be insignificant by
comparison with the advantages of optimizing proper-
ties. In aerospace applications, for example, one of the
most important purposes of using hybrids is to utilize
the natural toughness of Kevlar (Aramid) or glass
fibre reinforced plastics to offset the relative brittleness
of typical carbon fibre composites (CFRP). An often-
debated issue is whether or not it is possible to obtain
greater improvements in some properties than might
be predicted from calculations based upon properties
of the separate components.

2. Fatigue resistance of hybrids

In attempting to predict the S/log N behaviour of,
say, a carbon-glass hybrid, the obvious starting point
would be the S/log N fatigue curves for plain CFRP
and GRP of comparable structure. For most CFRP
the curve will be relatively flat, with a slope which, for

a given fibre volume fraction, V;, is greater the lower
the modulus of the reinforcing fibre. This is in accor-
dance with the supposition that the stiffer the fibre, the
less likely it is that strain levels sufficiently high to
damage the resin or interface will be developed during
cycling, even at high stresses. By the same argument,
the S/log N curve for GRP falls more steeply and with
greater curvature. The S/log N curves for glass-
carbon hybrids will then be interpolated between these
two extremes, as Phillips [1] and Hofer et al. [2] have
shown, and the higher the carbon content, the greater
the fatigue resistance. Phillips’ results show that for
carbon-glass cloth hybrids the increase in tensile
fatigue strength (for a life of 10° cycles, for example) is
proportional to the glass—carbon ratio. This pattern of
behaviour would be expected to be sensitive to the
scale of the hybridization or the intimacy of mixing of
fibres which should determine the extent to which the
mode of failure of the weaker component is modified
or even suppressed by the presence of the stronger. It
has been suggested, for example, that interply hybri-
dization is likely to be superior to core-shell combina-
tions [3]. However, it does not necessarily follow, at
the other extreme, that intimate mixtures of the kind
described by Parratt and Potter [4] would in turn be
superior to interply hybrids.

Of special interest is the likely effect of Aramid fibre
on the performance of a hybrid containing it in com-
bination with some other composite of known high
fatigue resistance, such as CFRP. We have previously
reported on an undesirable kind of behaviour of 0/90
Kevlar/epoxy (KFRP) composites under repeated
tension loading [5]. Fig. 1 shows that the fatigue curve
for such a laminate (presented as initial strain plotted
against life) has a steeply descending characteristic
with a drastic shortening of the fatigue life for strains
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Figure 1 Strain against log life curves for 0/90 laminates of (a) GRP
(b) KFRP and (c) CFRP (after Jones ez al. [5]).

corresponding to stress levels below about 90% of the
tensile failure stress. The behaviour of the three com-
parable materials for which results are given in Fig. 1
(i.e. CFRP, GRP and KFRP, all of 0/90 construction
and containing the same epoxy resin) falls, nonethe-
less, into a pattern which can be interpreted in terms
of a model developed by Talreja [6].

The low slope of the strain-life curve for the CFRP
implies that the working strains in the composite are
only marginally above the natural endurance limit of
the matrix resin, the high cyclic stresses being sus-
tained by fibres in the 0° plies. The same failure mech-
anism operates over the whole range of fatigue strains,
with gradual deterioration of the load-bearing ability
of the 0° plies through statistically determined fibre
breakage. In the case of the GRP, the high strain level
engendered by the compliant fibres promotes early
failure by mixed-mode damage mechanisms, matrix
cracking and interfacial shear, at almost all strain
levels. This results in the characteristic steep slope of
the strain-life (and of the S/log N') curve which ulti-
mately falls to approximately the same level as the
CFRP curve for lives beyond about 10° cycles at the
intrinsic matrix fatigue limit.

The KFRP strain-ife curve shows behaviour inter-
mediate between these two extremes. The fibre com-
pliance is greater than that of the XAS carbon, but the
fatigue behaviour of the composites, for lives less than
about 10° cycles, is as good as that of the CFRP, the
slope of the strain-life curve being approximately the
same. In this flat initial region composite failure is
determined, following Talreja, by breakage of the 0°
fibres accompanied by interfacial debonding. Beyond
this number of reversals, however, the curve takes a
downward turn. In Talreja’s model, this implies a
change of controlling mechanism from fibre breakage
to matrix cracking accompanied by interfacial shear,
and the curve is expected to continue falling until it
reaches the intrinsic matrix fatigue limit when it
should level out and become coincident with the GRP
and CFRP curves for lives greater than about 10’
cycles.

Although there is apparently a change in mechan-
ism involved in determining the shape of the KFRP
curve, Talreja’s interpretation does not seem appro-

priate: We prefer to interpret the downward trend in
terms of an additional mechanism of degradation of
fibre strength through local surface abrasion or inter-
nal disruption of the fibres as a result of the repeated
loading-unloading sequence, and we are led to consider
two possible consequences of this KFRP behaviour.
The first is the possibility that any loading régime with
a significant compression component could lead to
even worse fatigue performance of the KFRP. The
second is that in a carbon-Kevlar hybrid laminate, the
apparent weakness of the Aramid component could
detract from the otherwise excellent performance of
the carbon component to a greater extent than would
be predicted by, say, an elementary failure strain analy-
sis [7], giving rise to what has sometimes been called
a “negative hybrid effect”. The work reported here is,
therefore, concerned with the fatigue response of
carbon-Kevlar-epoxy hybrids in tension—compression
cycling over a wide range of values of the stress ratio,

R (Umin /O-max ) .

3. Materials

Materials were supplied by Ciba-Geigy as zero-bleed
prepregs of XAS carbon fibre and Kevlar-49 fibre in
the same BSL 914 epoxy resin. Prepregs were laid up
on a vacuum-assisted laying-up table according to
pre-determined compositions and stacking sequences,
and were autoclaved at the Royal Aircraft Establish-
ment, Farnborough, following the manufacturer’s
recommendations. The laminate fibre volume fractions
were nominally 60%.

3.1. Compositions and lay-ups

Two main lay-up geometries have been studied, the
first being unidirectional, to provide a base-line of
fibre-dominated performance for the various hybrids,
and the second being [(+45, 0,),]; laminates. A smaller
number of simple [(+45),], laminates were also
prepared for comparison purposes.

The compositions of the unidirectional laminates
were plain carbon, 25%, 37.5% and 50% by volume
of Kevlar in carbon, and plain Kevlar. The hybrid
lay-ups corresponding to these compositions were

HK,C CC CK,C, O,

(i) (K. C,C, K, C, C K, O,

(iii) [(K, C),],
the deliberate intention being to maintain the outer
plies of KFRP in all hybrid compositions. The lay-ups
of the single-fibre laminates were 16-ply stacks, to
match the overall structure of the hybrids.

The structural laminate chosen for the investigation
was of the type [(+45, 0, 0),],. Sixteen-ply plain
carbon and plain Kevlar fibre composites were made
up in this structure for comparison with the behaviour
of'a 50/50 carbon—Kevlar hybrid. The hybrid stacking
sequence, which was determined by the composition
rather than by normal structural considerations, was

[(£45)K, 0C, 0K, (£45)C, 0K, 0C],

The plies were mixed so as to arrange for all interfaces
(except the + 45/ — 45 interfaces) to be carbon-Kevlar
interfaces.

The standard, autoclaved, 1.0m x 0.3 m plates were
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C-scanned after manufacture, following which they
were dried and bagged to await use. The cutting of test
samples was carried out in such a manner as to avoid
the use of plate edges as well as areas indicated as
defective by the ultrasonic scanning. Plain carbon
laminates were cut to size for testing on a water-cooled
diamond saw, while Kevlar-containing materials were
cut by water-jet at British Hovercraft.

3.2. Environmental conditioning

We have previously studied the effects of environ-
mental conditioning on the fatigue response of the
three types of composite mentioned earlier [5). It was
found that, except under grossly exaggerated pre-
treatment conditions, the fatigue characteristics of
the composites were not sensitive to the effects of
hygrothermal treatment. For the current work, there-
fore, a standard conditioning routine was used to bring
all materials to a moisture content of approximately
1% by room-temperature treatment in a 65% RH
enclosure.

Differential thermal contraction, following cooling
from the cure temperature, leads to residual thermal
strains in hybrid laminates. However, a simple com-
posite beam theory analysis, based on the known
elastic and thermal properties of CFRP and KFRP,
leads to the result that in a 50/50 carbon-Kevlar
unidirectional hybrid the maximum possible level of
compressive thermal stress in the KFRP plies would
be of the order of only 20 MPa. This ply stress level
would result in a Kevlar fibre stress of about 35 MPa
in a 60vol % ply which is of the order of 13% of the
room-temperature compression yield stress of the
Kevlar plies [8]. This level of residual stress would
probably be eliminated during the environmental con-
ditioning process, and would not, therefore, be expec-
ted to influence the fatigue properties of the hybrid.
However, we note that another consequence of differ-
ential thermal contraction is that during the early
stages of cooling, when the resin retains some capacity
for plastic flow, the plies containing the fibres with the
lower expansion coefficient (i.e. the Kevlar in a C-K
hybrid) will buckle and remain so in the cured laminate.

4. Fatigue testing
For all tests involving a compressive stress component,
a stabilization jig was used to prevent premature
buckling failures in fatigue. With careful attention to
setting up, in particular to the need for careful control
of the packing between sample and jig, it was possible
to obtain fatigue failures in the gauge length up to
high levels of imposed compressive stress, although
the jig was not suitable for the measurement of mono-
tonic compression strengths and gave rise to difficul-
ties at high cyclic frequencies. Static compression
strengths of materials were measured, when needed,
in Dr Andrew Barker’s laboratory in the Chemical
Engineering Department at Birmingham University.
Fatigue tests were carried out in a pair of Instron
1332 sevo-hydraulic machines operating under load
control. In our previous work [5] we emphasized the
need to ensure comparability of results for different
composites by allowing for the strain-rate sensitivity
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of the strength of our three different types of material.
With carbon and Kevlar reinforced plastics, however,
the problem is less serious since, as we showed earlier,
the tensile strengths of both CFRP and KFRP were
found to be independent of testing rate. We have not,
therefore, been constrained to run all tests at the same
rate of load application, as in our last programme,
and although the majority of the tests were carried
out at a rate of load application of approximately
200kNsec™!, we increased the rate to 500 kN sec™'
where necessary to achieve a reasonable testing rate. A
limited number of tests on the unidirectional carbon-
Kevlar composites over this range of frequencies
showed that there were no effects of frequency on
fatigue response. It is also known that KFRP develop
higher temperatures during fatigue testing as a result
of hysteretic heating: we have, therefore, carried out a
brief survey of the effect of testing at elevated tem-
perature. Monitoring of the temperature rise during
repeated tension cycling of unidirectional KFRP at
ambient temperature showed that the maximum sur-
face temperature occurring during any test was 40° C.
The expected temperature rise in any hybrid would
therefore be lower than this. In a series of tests on
unidirectional KFRP laminates at 100° C, it was found
that the S/log N curve obtained was indistinguishable
from that obtained at 23°C.

All fatigue tests have been carried out on straight-
sided (unwaisted) coupons, with their edges polished
to remove the most serious cutting marks, and with
soft aluminium end-tabs bonded on to prevent grip
damage. These end-tabs were glued to the specimen
surfaces, following shot-blasting of the aluminium
and abrasion of the sample surface, with Redux 403
resin cured for 10 h at 45° C under light load.

5. Fatigue behaviour of unidirectional
carbon-Kevlar hybrids
5.1. Mechanical properties
The tensile mechanical properties of this family of
hybrids are shown as a function of nominal composi-
tion in Fig. 2, from which it can be seen that the
stiffness varies linearly with Kevlar content, and the
tensile strength varies in the manner expected from
the constant strain model [7]. The similarity of the
failure strains of the CFRP and KFRP means that
there is no possibility of what is normally termed a
“hybrid effect”, i.e. of an apparent enhanced failure
strain in the CFRP component [9].

b.2. Fatigue behaviour
Cyclic testing of the conditioned samples was carried
out over a range of R values from +0.5 to —1.2,
although not all R values were covered for all hybrid
compositions. Fig. 3 shows results for plain CFRP
samples plotted as peak (tensile) stress plotted against
log life: it illustrates an apparent reduction in life of the
composite in the presence of a compressive stress
component. The slope of the S/log N curve for
R = 0.1 is approximately 82 MPa decade™', or 4.2%
of the monotonic fracture stress per decade.

As Fig. 4 shows, the R = 0.1 curve for plain KFRP
is also qualitatively similar in shape to that obtained



?.O - 200 T T

100
-

Tensile strength (GPa)
)
T

Young’s modulus (GPa)

+ & N

Figure 2 Mechanical properties as func-
tions of composition in the unidirectional
XAS carbon-Kevlar hybrid system. The
dashed line represents the predictions of
strength given by the simple constant
strain model [7] (& Young’s modulus,
b failure strain, ¢ tensile strength).

OL_ 0 L ] I | ] | I'l

Failure strain (%)

0 20 40 60 80
Vol % CFRP

for the 0/90 KFRP in our earlier study [5] (Fig. 1)
although the deterioration resulting from the failure
mode change originates earlier and appears to be less
drastic in the 0/90 laminate. The difference is likely to
be due to the presence of the transverse plies and their
effect in generating damage in the 0° fibres earlier in
the life of the 0/90 composite. In both cases there is a
slight worsening of fatigue resistance when the R ratio
is changed from + 0.1 to +0.01 although both regimes
are, macroscopically at least, repeated tension modes
of cycling. The effects of introducing a compressive
component of cycling are also seen from Fig. 4 to be
more drastic for the KFRP than for CFRP, although
the comparison is only qualitative in these peak stress
against life plots which give no direct indication of the
true range of strain to which the sample is being
subjected when R is less than zero.

Fig. 5 shows data for the 37.5% KFRP-CFRP
hybrid, again in terms of peak stress plotted against
life. The curves for the different R ratios are clearly
separated, but they cannot be extended back to the
ordinate to link with the monotonic strength values
because those data have no relevance in a peak-tensile-
stress S/log N plot. Fig. 6 illustrates the effect of
hybrid composition on the shape and disposition of
the S/log N curve for repeated tension cycling
(R = 0.1). There appears to be a uniform variation
between the two extremes, the almost linear S/log N
curve for CFRP gradual giving way to the marked
two-stage behaviour characteristic of the KFRP as the
Aramid fibre content increases.
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Figure 3 Effect of R ratio on the S/log N curves of unidirectional
CFRP laminate (XAS/914). The stress levels plotted are the peak
stresses in the cycle. (O) R = 0.1, (0) R = —0.6.
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To demonstrate the effect of the compressive stress
component on the hybrid strain-life curves, the results
may be plotted in terms of alternating strain range,
Ag,,, as shown for the three hybrid compositions in
Fig. 7. The data are scattered and there is no easily
discernable trend other than a slight increase in slope
as the Aramid content increases. For lives beyond
about 10° cycles the working strain range is almost
constant, regardless of composition. The average value
of Ag,, for a life of 10° cycles, for example, for all
three hybrid compositions and the two single fibre
composites, and for all R values, is 1.08% with a
coeflicient of variation of only 14% (16 separate sets
of data). Even at this stage of the evaluation, there-
fore, there do not appear to be any unusual effects
either of the presence of the Aramid fibre in the hybrids
or of the high compression stress component of cycling.

The S/log N curves for the unidirectional hybrids
were used to prepare the constant life (Goodman)
diagram, shown in Fig. 8, which relates to a life of 10°
cycles. The diagram shows a number of important
features. The first is the asymmetry of the diagram,
a familiar feature of such diagrams for composite
materials [10] which indicates the loss of fatigue resis-
tance under cycling régimes that include a compressive
stress component, a consequence of the reduced load-
bearing ability of composites under static compressive
loads. The second feature is the similarity of the forms
of the curves for the four composites represented in
the diagram, which again indicates that the Aramid
fibre is exerting no unexpected weakening effect on the
fatigue response of the CFRP in the hybrid laminate.
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Figure 4 Effect of R ratio on the S/log N curves of unidirectional
KFRP laminate (Kevlar/914). (O) R = 0.1,(v) R = 0.0, (x) R =
—03, (@ R = —0.6.
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Figure 5 Effect of R ratio on the S/log N curves

of unidirectional carbon-Kevlar hybrid (38%
Kevlar). (@) R = 0.1, (A) R= —03, (+) R =
—06,(O)R = —08, () R = —12.
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The data from the S/log N curves are cross-plotted
to illustrate the variation of fatigue response with com-
position in Figs 9a and b which show the peak stress
plotted against composition for lives of 10° and 10°
cycles, respectively. Within the level of scatter of the
original results, the fatigue response, like the tensile
properties, varies linearly with composition as in the
case of the woven glass—carbon hybrids discussed by
Phillips [1]. This holds true both for all-tension cycling
and where there is a significant compressive stress
component. The whole family of composites is weaker
in compression than in tension, but this weakness is no
greater for the plain KFRP or for hybrids containing
a substantial proportion of Aramid than it is for
plain CFRP.

The fact that the curves of Fig. 10, showing fatigue
stress (for a given life) as a function of hybrid com-
position, are roughly lincar suggests, as we have said,
a uniform variation of fatigue resistance as the com-
position changes from plain KFRP to plain CFRP.
Implicit in such an interpretation, however, is the idea
that the base-line for such comparisons is the notional
rule of mixtures. We have shown earlier that the
strengths of these unidirectional hybrids fall close
to the predictions of the iso-strain model of hybrid
behaviour (Fig. 2) which are slightly below mixtures
rule values. A better means of comparing the fatigue
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Figure:6. Sflog N curves (peak stresses) for the whole family of
unidirectional carbon—Kevlar hybrids, including the ptain XAS and
plain Kevlar materials. The curves are drawn by eye for best
fit. (R = 0.1) (a) CFRP; () 25%K; (0) 35%K; (&) 50%K;
(W KFRP)
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resistance of the hybrids is by the use of the familiar
fatigue ratio, the fatigue stress for a given life divided
by the monotonic tensile strength, which effectively
normalizes the results of Fig. 9. This can logically only
be done for the R = 0.1 results, and Fig. 10 shows the
effect of this normalizing procedure on the data for
lives of 10° and 10° cycles. A completely different
picture now emerges, since the two curves in this figure
are no longer linear interpolations between the two
end points. For none of the hybrid compositions
investigated (i.e. up to 50 vol % KFRP in CFRP) does
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Figure 7 Fatigue results for the unidirectional carbon-Kevlar
hybrids plotted in terms of the total (alternating) strain range
against log life, showing the effect of the R ratio (a) 50% KFRP
(b) 38% KFRP (c) 25% KFRP. (O) R = 0.1, (v) R = 001,
(O)R= —01, () R= —03,(¥) R= —04,(0) R = —0.6,
MR =—-08, (®R= —12.
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Figure 8 Constant life (Goodman) diagram for
the effect of mean stress on the fatigue response of
unidirectional carbon-Kevlar hybrids. The alter-
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the addition of Aramid fibre result in a reduction in
the composite fatigue ratio. For lives of 10° cycles,
despite the fact that the plain KFRP perform badly at
this level, the fatigue ratio is unchanged by the KFRP
additions. For the shorter life (10° cycles) the ratio
even increases with Kevlar content. From these results,
however, we cannot comment on the likely effect of
adding more than 50 vol % of KFRP.

5.3. Fractography

Post-failure surface examination is an unsatisfactory
method of obtaining information on fatigue damage
mechanisms in composites since the broken samples
usually sustain additional damage after failure. How-
ever, provided the samples are carefully prepared,
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Figure 9 Effect of composition on the fatigue response of unidirec-
tional carbon-Kevlar hybrids, showing the effect of R ratio. (a) is
for a life of 10° cycles () R = —0.1, (Y¥) R = —0.3, (A) R =

—0.6), (b) for 10° cycles (W) R = 0.1, (o) R = —0.3, (@) R =
—0.6,(Y) R = —1.2).

useful information may still be obtained from surface
damage analysis. Our fractography studies suggest
that the observed failure modes can give an indication
of the loading history of the specimen. There is also
evidence in favour of the Talreja damage model [6].

The most prominent macroscopic features of sam-
ples of unidirectional carbon and Kevlar composites
tested to failure in monotonic tension are longitudinal
splitting and transverse failure near end-tab regions.
When the same materials are tested in repeated ten-
sion fatigue the extent of this splitting is dependent on
the peak stress level in the cycle. Samples fatigued at
stresses of the order of 80-90% of the static failure
load resembled those tested monotonically to failure,
while at lower stress levels larger numbers of splits were
observed. The failure mode is modified when there is
a compressive stress component in the fatigue cycle,
with less longitudinal splitting and the occurrence of
extensive delamination, perhaps encouraged by the
pre-buckled state of the fibres. Outer Kevlar plies
delaminate and then fracture into short, discrete
lengths. Although, as we have said, there was no
change in the fatigue response when samples were
tested at 100° C, there were differences in the failure
mode, the outer Kevlar plies failing in a manner more
typical of monotonic tensile failure, with longitudinal
splitting, and with the final failure of the Kevlar plies,
following delamination, being localized in the centre
region of the sample.

Fracture surface features of samples fatigue tested
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Figure 10 Fatigue ratio as a function of hybrid composition for
unidirectional carbon-Kevlar hybrids. The fatigue ratio is the
fatigue stress for a given life (data for 10° () and 10° (®) cycles from
Fig. 9) divided by the monotonic tensile strength (from Fig. 1)
(R =0.1.
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Figure 11 Scanning electron micrographs of fracture surfaces of fatigued unidirectional KFRP samples. For descriptions, see text.
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Figure 12 SEM photographs of fracture surfaces of fatigued CFRP/KFRP hybrids, together with one optical micrograph (12e). For

descriptions, see text.

in repeated tension are similar to those commonly
observed, the surfaces of the carbon plies being rela-
tively plane, with no signs of pull-out, and the Kevlar
plies showing extensive defibrillation. When the outer
Kevlar plies were able to bend as a result of delamina-
tion the individual fibres sustained characteristic
bending and fretting damage as indicated by the mul-
tiple kinking and shredding visible in Figs 11a and b.
With increasing magnitude of compressive component
during cycling, extensive local buckling of the Kevlar
fibres becomes apparent and final failure is often
by fibre core—skin separation (and pull-out) as illus-
trated in Figs 11c and d. The longitudinal surfaces of
outer plies in samples tested in tension-compression
showed characteristic evidence of kink-initiated fail-

ure (Fig. 11e) associated with visible microstructural
damage in the individual fibres (Fig. 11f). Brush-like
damage to the ends of fibres, typical of that expected
from impacted fibre ends following a planar fracture,
can be seen in Fig. 11g.

When the Kevlar plies are sandwiched between
carbon plies instead of being outer plies, the damage
mechanisms are again different. Figs 12a and b illustrate
damage that we consider to be due to abrasion. Under
the influence of very high compressive stress com-
ponents the failure mode of the Kevlar plies is totally
changed, exhibiting the planar failure surface features
normally associated with the more brittle CFRP com-
ponent, as shown in Fig. 12c. Sometimes the individual
fibres show completely flat, pseudo-brittle failure
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TABLE I Mechanical properties of [(+45, 0,),), carbon,
Kevlar and hybrid laminates

Laminate Tensile Failure Young’s
strength strain modulus
(GPa) (%) (GPa)

All carbon 1.28 1.39 81.1

Carbon-Kevlar (1:1) 0.81 1.51 52.7

All Kevlar 0.64 1.82 33.1

surfaces, as in the case of Fig. 12¢, and sometimes the
surfaces are angled and show signs of the disrupted
internal structure (Fig. 12d). In either event these new
failure characteristics could be a direct result of the
kind of initial damage shown in Fig. 11f. These pseudo-
brittle transverse fractures in the Kevlar fibres are
found to occur widely throughout the stressed region
of any sample tested in tension—compression cycling
modes, as shown by the longitudinal optical micro-
graph in Fig. 12e. This mode of failure contrasts
markedly with the longitudinal splitting characteristic
of tensile deformation (Fig. 12f).

6. Fatigue behaviour of carbon-Kevlar
hybrid laminates
The basic mechanical properties of the [(+ 45, 0,),];
laminates under discussion here are listed in Table 1.
The strength of the all-carbon laminate is 64%, and
its modulus 62.3%, of the corresponding values for
the unidirectional XAS/914 composite discussed in
Section 5. Since 0° plies account for 50% of the cross-
section of the laminate, the expected strength and
stiffness, on a crude netting analysis basis would be a
factor of Za, cos* 0 times the unidirectional strength,
i.e. 0.625. Agreement with the experimental results for
the CFRP laminate is therefore adequate. For the
KFRP laminate the agreement is marginally less satis-
factory, its strength being 70% and its modulus 58%
of the corresponding values for the unidirectional
KFRP. The values for the hybrid laminate are all
below the means of the results for the single fibre
CFRP and KFRP laminates, which are 0.96 GPa,
1.6%, and 57 GPa, i.e. they are, respectively, 84%,
94%, and 92% of the corresponding mixture rule
values.

6.1. Repeated tension cycling of
[+45, 0,),], laminates

Stress-life results for plain carbon, plain Kevlar, and
the 50/50 carbon-Kevlar hybrid [( + 45, 0,),], laminates
in repeated tension are shown in Fig. 13. The curve for
the plain carbon laminate retains a linear form, as
with most unidirectional and 0/90 CFRP composites
in repeated tension, and the slope of this curve is
50 MPa per decade, or 3.9% of the static fracture
stress per decade. This is close to the value of 4.2% per
decade for the unidirectional XAS/914 composites
discussed earlier and this, together with the fact that

the curve itself shows no deviation from linearity sug- .

gests that the presence of the +45° plies has little
effect on the fatigue response of the main tensile-load-
bearing plies. Unlike the all Kevlar laminate, however,
this all-carbon laminate is sensitive to moisture con-
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Figure 13 S/log N curves (peak stress) for plain carbon (a), plain

Kevlar (@), and 50/50 carbon-Kevlar hybrid (®) laminates. Lami-
nate structure is [(+45, 0,),]; and the fatigue test R ratio is 0.1.

tent. The results in Fig. 13 are for the standard moist-
ure content of 1%, but we have observed from a small
number of fatigue tests run on dry material that the
strength of the dry laminate was only 1.05GPa, 82%
of that of the conditioned material, and that this lower
strength persisted in the fatigue response of the dry
composite. This difference in behaviour in respect of
moisture sensitivity seems likely to be a consequence
of the presence of the off-axis plies and the effects of
moisture in relaxing residual stresses which would be
higher in this material than in others we have studied
so far on account of the higher curing temperature. De
Charentenay, for example, has suggested [11] that the
residual stresses in the +45° plies are a potentially
strong source of fatigue cracks in a dry laminate, and
it follows that even mild plasticization of the dry resin
by water will be likely to have a strong beneficial
effect. Presumably the effect is not observed in a plain
Kevlar or a hybrid laminate because the residual
stresses can be relieved by other mechanisms.

Fig. 13 shows that the results for the all-Kevlar
laminate mirror the behaviour of the unidirectional
equivalent discussed in Section 5, with the same down-
turned curve beyond about 10° cycles. The same behav-
iour is also reflected in the hybrid stress-life curve,
as expected. Normalisation of the results in Fig. 13
results in almost complete superposition of all data up
to lives of about 10° cycles, beyond which only the
plain carbon results fall outside the general envelope.
This is ilustrated in Fig. 14, the data being separated in
order to avoid confusion.

We noted earlier that the static strength of the 50/50
hybrid laminate was somewhat below the mean of the
strengths of the two single fibre laminates. We now
examine the degree of persistence of this effect in
the fatigue behaviour of the hybrid laminate. If, from
Fig. 13, the fatigue stress for the plain CFRP laminate
for a given life, N is taken as (o;)y,, and that for the



Figure 14 Fatigue results from Fig. 13 plotted on a nor-
malized stress basis (i.e. normalized to the tensile failure
stress of the individual laminates). In the upper curve the
hybrid () results are compared with those for the equivalent
plain CFRP composite (W), and in the lower the hybrid is
compared with the plain KFRP equivalent (@) (R = 0.1).
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plain KFRP laminate is (o )y, then the mean value is

(OxcIv = 3oy + (oc)v]

If the corresponding experimental value for the hybrid
laminate is (o )y, then the extent to which the fatigue
resistances of the separate components are translated
into the hybrid, using the mixture rule as a basis for
comparison, is indicated by the ratio [(oy4)/(0k.c)lv-
The value of this hybrid stress ratio as a function of N
is given (as a percentage) in Fig. 15.

From this graph it can be seen that the hybrid
retains about 92% of the mean level until a point,
between 10* and 10° cycles, at which the characteristic
fall in the KFRP fatigue curve begins to show itself.
Beyond this point, the roughly “mixture rule” behav-
iour of the hybrid is lost. For comparison, Fig. 15 also
contains the equivalent information for the unidirec-
tional 50/50 CFRP/KFRP hybrid. It will be recalled
that the constant strain model accurately predicts that
the strength of this composite will be some 12 or 13%
below a “mixture rule” value. It can be seen, however,
that under fatigue conditions this situation changes,
the dashed curve in Fig. 15 rising towards and beyond
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Figure 15 Fatigue behaviour of 50/50 hybrid carbon/Kevlar lami-
nates. The points represent the hybrid fatigue stress for a given life
as a percentage of the mean fatigue stresses for the plain CFRP and
plain KFRP laminates for the same life. The curve is based on the
experimental data of Fig. 6 (for unidirectional samples ) (M) and
Fig. 13 (for [( £ 45, 0,),]; laminates (®)). (R = 0.1).

the average value (the 100% line) as the fatigue life
increases. This suggests that there is a gradual change
in the controlling damage mechanism with increasing
numbers of cycles, the constant failure strain model
becoming increasingly less appropriate. This is, of
course, another manifestation of the synergistic effect
already demonstrated in Fig. 10.

It seems likely that the difference between the uni-
directional and the [(+ 45, 0, 0),] behaviour is a result
of the presence of the 45° Kevlar plies, since, as already
discussed, the 45° carbon plies have no significant
effect on the fatigue response of the plain CFRP lami-
nate, apart from reducing its overall load-bearing
capacity. However, if the behaviour of the plain
KFRP laminates is analysed in somewhat more detail,
this argument appears not to be valid. In Fig. 16 we
re-plot the curves shown in Figs 4 and 13, respectively,
for the unidirectional KFRP and the [(+45, 0,),],
KFRP laminate together with data for a simple ( + 45),,
KFRP. The broken line is a mixture-rule prediction
for the complex laminate based upon the unidirectional
and 45° curves, and it can immediately be seen that the
actual laminate test results fall well above the simple
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Figure 16 Comparison of the Sflog N curves for the plain KFRP
laminate (b) (from Fig. 13) with those for the unidirectional plain
KFRP (a) composite (from Fig. 4) and results for a ( +45),, lami-
nate (c). The dashed curve represents the mean of the results for
the nd and +45 materials (R = 0.1).
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Figure 17 Effect of R-ratio on the Sflog & curves {peak stresses)
of the (a) plain KFRP and (b) 50/50 hybrid [(+ 45, 0,),); laminates.
()R =0.1,{a) R = —03.

prediction. From netting analysis, the calculated
strength of the (+45),, laminate (based upon the
known unidirectional strength) is 0.23 GPa, which is
close to the experimental value of 0.26 GPa. The net-
ting analysis prediction for the [(3-45, 0,),], laminate
is 0.57 GPa, which is close to the mixture rule prediction
in Fig. 16 but lower than the experimental strength of
0.64 GPa. This inversion indicates that the known
weakness in simple 45° KFRP can be overcome to
some extent by appropriate laminate design, and in
particular by restricting working strain levels by the
incorporation of 0° plies.

6.2. Effect of tension—-compression cycling
For these experiments we have concentrated on a
tension—compression cycle that was likely to be typical
of those met with in aircraft designs, namely, an R
ratio of —0.3. The effect of cycling at this R ratio on
the stress—life curves for the plain Kevlar and carbon-
Kevlar hybrid laminates is shown in Fig. 17. It can be
seen that the compressive stress component has had a
significant effect on the fatigue response, reducing
lives by about two decades for the hybrid, and by even
more for the plain KFRP laminate. The S/log N curve
for tension-compression cycling gives no indication
that the material will show any kind of fatigue limit,
unlike the results obtained in repeated tension.

In Fig. 18 the S/log N results given in Fig. 17 have
been replotted on a stress-range basis, and as for the
unidirectional composites the data for the hybrid
laminate at the two R ratios now substantially coincide,
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Figure 18 Fatigue results for the (a) plain KFRP and (b) 50/50
hybrid [(+ 45, 0,),]; laminates from Fig. 17 replotted in terms of
alternating stress range. () R = —0.3, (o) R = 0.1.

indicating that there is no extra susceptibility to com-
pressive fatigue damage in this laminate as a result of
the presence of Kevlar plies. It is equally clear, from
Fig. 18, that the all Kevlar laminate is at a serious
disadvantage in the presence of a compressive load
component.

Although we have only limited information on the
effect of the R ratio, the results may nevertheless be
cross-plotted on a constant life diagram in order to
make a more direct comparison with the behaviour of
the undirectional carbon-Kevlar hybrids illustrated in
the master diagram of Fig. 8. This is done for the plain
KFRP laminate in Fig. 19a, where points relating to
lives of 10°, 10*, 10° and 10° cycles are shown, together
with the 10° cycles data from Fig. 9. There is little
difference between the two materials for repeated ten-
sion cycling, because of the flat shapes of all of the
S/log N curves up to lives of 10° cycles, and the points
at the top end of the R = 0.1 line are closely bunched,
well within the scatter of the individual curves. The
effect of the compression component of stress, how-
ever, is to increase the separation of the points for the
different lives, as could be judged from the S/log N
curves themselves. Direct comparison of the two sets
of points for 10° cycles shows the much more marked
cffect of the compression component on the laminate
resulting from the presence of the 45° plies. As would
be expected, the behaviour of the 50-50 hybrid lami-
nate contrasts strongly with this pattern of behaviour,
as shown in Fig. 19b, the data for the laminate now
being well separated from those for the much more
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Figure 19 Constant life diagram segments for (a) plain KFRP and
(b) 50/50 C/K hybrid unidirectional (a) and [(£45, 0,),] (a)
laminates.

resistant unidirectional hybrid and the slopes of the
lines for 10° cycles being of opposite sign, as with the
plain KFRP composites. These differences serve to
emphasize further the points of difference that we
observe in the repeated tension response of the three
families of [(+ 45, 0,),], laminates.

7. Conclusions

The fatigue stress (for a given life) of unidirectional
CFRP-KFRP hybrid composites varies linearly with
composition: since the tensile strength of these com-
posites does not vary linearly with Kevlar content, this
implies that the fatigue ratio, which is perhaps the
more useful comparative design parameter, shows
what is commonly referred to as a positive synergistic
effect.

Whether this is a valid statement, or simply an indi-
cation that there is no appropriate model for the fatigue
behaviour of hybrids, it is clear that Aramid fibres,
which are normally considered to exhibit deficiencies
in their response to fatigue and to compressive stresses,
exert no undue weakening effect on the fatigue response
of CFRP-KFRP hybrids.

Fractographic studies provide evidence for the
validity of the model of Talreja in respect of micro-
structural damage mechanisms during fatigue cycling.
In plain KFRP fatigue damage results in core-skin
separation and pull-out of the Aramid fibres. In
hybrids, however, this mechanism is suppressed, and
the Kevlar fibre plies exhibit the same kind of planar
failure as the CFRP plies.

Similar conclusions can be drawn in respect of the
behaviour of [( 4 45, 0,), ], hybrid laminates. Although
in plain KFRP (4 45),, composites, the weakness of the
Kevlar fibres in shear is clearly manifest, the presence
of CFRP plies is protective, and the hybrid laminates
show no evidence of any weakening as a result of the
presence of the organic fibre, whether in repeated
tension cycling or in tension-compression cycling.
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