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Hybrid composites based on 
polyethylene and carbon fibres 
Part 2: influence of composition and 
adhesion level of polyethylene fibres on 
mechanical properties 

A.A.J.M. PEIJS, P. CA TSMAN, L.E. GOVAERT and P.J. LEMSTRA 

(Eindhoven University of Technology, The Netherlands) 

Combining high performance polyethylene (HP-PE) and carbon fibres as 
reinforcing elements in so-called hybrid composite structures results in a 
unique class of structural materials possessing high damping and impact 
resistance. Mechanical properties of unidirectional HP-PE/carbon-epoxy 
hybrids have been studied, emphasizing basic mechanical characterization 
such as tensile, compressive and shear strength, initial as well as long-term 
modulus, vibrational damping and impact response. This paper describes 
the influence of overall composition and adhesion level of the HP-PE fibres on 
the mechanical properties of such hybrids. 

Key words: composite materials; hybrids; polyethylene fibres; carbon 
fibres; epoxy resin; mechanical testing; adhesion 

High-performance polyethylene (HP-PE)  fibres are 
currently produced by solution (gel) spinning of 
ultra-high molecular weight polyethylene (UHMW-PE) 
and possess unique mechanical properties in terms of 
high strength-to-weight ratios and stiffness-to-weight 
ratios 1. Moreover these HP-PE fibres possess a relatively 
high work to break--i.e. ,  good impact properties- 
---compared with carbon, aramid and glass fibres. Due 
to these unique properties, HP-PE fibres have a high 
potential for use in composite structures, and are 
suitable for various applications, notably if good impact 
and damping properties 2-5 are required. 

Unfortunately, however, since oriented HP-PE fibres 
are obtained via solid-state drawing at elevated temper- 
atures below the melting point, these structures are 
inherently less stable with respect to static loadings 
(creep). Due to the one-dimensional microstructure of 
HP-PE, viz. extended polyethylene chains with relatively 
weak intermolecular van der Waals' interactions, the 
compressive and shear strengths are not very impres- 
sive. Furthermore the chemical inertness of polyethyl- 
ene, although an advantage in many respects, is disad- 
vantageous for a good bond between HP-PE fibres and 
polymer matrices. Consequently composites incorpo- 
rating these new generation HP-PE fibres may not meet 
all the requirements for structural applications. 

strength and stiffness both in tension and in compres- 
sion. Composite materials based on these fibres have 
been increasingly used in primary and secondary 
structures during the last decade. These structures are, 
however, rather susceptible to impact damage and 
since the mid 1970s various reports have been pre- 
sented concerning impact improvement of carbon- 
reinforced composites via hybridizing with glass and 

6-8 aramid fibres . Recently some studies were directed 
9--11 to the system carbon/HP-PE . Comparing the intrinsic 

mechanical properties of HP-PE fibres with those of 
carbon, one could obtain in principle unique structural 
materials in terms of impact, strength and stiffness 
since both fibres are complementary in properties. 

This experimental work had two objectives: first to 
obtain mechanical properties of HP-PE/carbon hybrids 
which span the whole range of constituent materials 
and second to evaluate the influence of improved 
adhesion of the HP-PE fibre on hybrid properties. In this 
presentation, emphasis was placed on basic material 
performance under static, dynamic and impact condi- 
tions of unidirectional (UD) hybrids. 

EXPERIMENTAL DETAILS 

Carbon fibres are well known for their high specific 
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A common epoxy system, Ciba Geigy's Araldite 
LY556/HY917/DY070 based on bisphenol A with an 
anhydride curing agent, was used as the principal 
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matrix material for this work. The effect of fibre 
character on hybrid properties was studied on samples 
of this matrix, reinforced with HP-PE fibres (Spectra 
1000, 650 den) kindly supplied by Allied Signal and a 
surface-treated high strength carbon fibre (XA-S/3K) 
of Courtaulds plc. 

To study the effect of improved fibre/matrix adhesion 
of HP-PE on mechanical properties of the hybrid, 
composites incorporating untreated and treated HP-PE 
fibres were manufactured. Improved adhesion was 
obtained by immersing HP-PE fibres in chromic acid. 
This treatment has proven to be effective in raising the 
fibre/matrix adhesion level in composites based on 
epoxy matrices 12 mainly by introducing functional 
groups on the fibre surface 13 as discussed in detail in a 
forthcoming paper. It was also shown that severe acid 
treatment does reduce the tensile strength of HP-PE 
fibres. Therefore treatments were limited to an immer- 
sion time of 15 min only. 

Specimens were prepared by a modified pultrusion 
process. Bundles containing carbon and/or HP-PE fibres 
were made by winding yarns on a jig with two 10 mm 
diameter pins 0.3 m apart. When the required number 
of yarns was reached, a string was used to tie up the 
yarns so that they could be removed from the jig and 
easily handled. Carbon and HP-PE yarns were intermin- 
gled as homogeneously as possible. These bundles were 
immersed in a bath of epoxy resin and pulled by the 
string into moulds with PTFE inserts squeezing out the 
surplus resin and trapped air. The samples were cured 
for 4 h at 80°C and then post-cured at ll0°C for 12 h. 
After curing, the specimens were removed from the 
mould and cut into the desired lengths using a water- 
cooled, low speed diamond saw. Using this pultrusion 
technique specimens with various cross-sections could 
be prepared depending on the mould to be used. Total 
volume fraction of fibres was held constant at 50% and 
the proportion of HP-PE fibre in the composite was 
varied from 0 to 100% with steps of approximately 
20%. 

strength, ultimate strain and Young's modulus. The 
specimens used for tensile testing were circular cross- 
sections of 1.2 mm diameter and an overall length of 
315 mm. These specimens were provided with V- 
grooved aluminium end tabs of 70 mm length, adhe- 
sively bonded to the specimen. The test specimen 
geometry is illustrated in Fig. 1. 

Tests were performed on a Frank 81565 universal 
testing machine. An extensometer with an accuracy of 
0.5% was used to measure the strain in load direction. 
Each specimen was loaded monotonically to failure at a 
crosshead speed of 5 mm min -1. 

Long-term properties 

Specimens used for stress relaxation experiments were 
identical to those used for experiments in tension. 
Stress relaxation experiments were performed on a 
Frank 81565 tensile tester equipped with a thermostati- 
cally controlled oven and an extensometer. Experi- 
ments with loading times not exceeding 3 h were 
performed at a strain level of 0.2%, and at a tempera- 
ture of 30°C to minimize the effect of variations in 
environmental temperature. 

Compression 

Specimens used for compressive strength measure- 
ments were pultruded rods with circular cross-sections 
6 mm in diameter and 12 mm in length. These speci- 
mens were placed in end loaded test fixtures. An elastic 
compressive polyamide pad was used at each end of the 
specimen to ensure homogeneous load transfer. The 
effective test length (i.e., the length between the test 
fixtures) was 6 mm, or one diameter, which should be 
sufficient to obtain typical compressive failure modes. 
This assembly, as shown in Fig. 2, was placed into a 
Zwick 1474 testing machine and compressed at a rate of 
0.5 mm rain -1. 

MECHANICAL TESTING 

Basic material characterization of uD-hybrid compos- 
ites involved the determination of static mechanical 
properties derived from tensile, stress relaxation, 
compression and shear experiments; vibrational 
damping experiments; and Charpy impact tests. At 
least five specimens were tested for each test condition. 

Tension 

Tensile testing allowed the determination of ultimate 

Fig. 1 

Shear 

Shear strength was measured using the short-beam 
shear test, often quoted as the interlaminar shear 
strength (ILSS) test. The specimens with rectangular 
cross-sections were 22 mm long by 3 mm wide and 
4 mm thick. They were tested in an ASTM standard 
test fixture with a span-to-depth ratio of 4" 1 at a rate of 
i mm min -1. Although the short-beam shear test is not 
the most appropriate test to apply a uniform shear 
stress field on a material, it does give a quantitative 
value for shear strength. 

Tensile test specimen geometry. All d imensions in mm 
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Fig. 2 
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Compression specimen and test fixture. All dimensions 

Table1. Tensi lete~dataforunidirect ional  
hybrids 

HP-PE E modulus Tensile Failure Hybrid 
fraction strength strain effect 
(%) (GPa) (MPa) (%) (%) 

UntreatedHP-PE 
0 113 1776 1.52 - 

14 104 1623 1.66 9.2 
40 90 1367 1.68 10.5 
57 77 1222 1.67 9.9 
80 62 928 1.60 5.3 

100 52 1160 3.33 - 

TreatedHP-PE 
0 113 1776 1.52 - 

14 103 1666 1.62 6.6 
40 86 1384 1.60 5.3 
57 75 1282 1.70 11.8 
80 61 986 1.64 7.9 

100 49 1273 3.42 - 

Vibration damping 

Dynamic experiments were performed on a Zwick Rel 
servo hydraulic tensile tester that was adapted for 
application of 'white noise' strain excitation. The 
technique involves an extensional mode of vibration 
using identical specimens as in tension. Force output 
and strain input data were transformed into dynamic 
modulus Ed and phase angle 6 using a HP 98785A Fast 
Fourier Analyser. The static strain level was 0.2% with 
a strain amplitude of 0.1%. The frequency range 
covered was from 0.5 to 5 Hz. From the dynamic 
modulus 

(Ea) 2 = (E') 2 + (E") 2 (i) 

and phase angle (5 

tan 6 = E " / E '  (2) 

the storage modulus E' and loss modulus E"  could be 
calculated. 

Charpy impact 

Instrumented Charpy impact tests were performed on a 
Zwick Rel equipped with a Charpy impact test fixture. 
Impact energies were obtained by recording the 
load/time curve during this dynamic three-point 
bending test. From this load/time curve dynamic 
strength, total impact energy, initiation and propaga- 
tion energies could be determined. The Charpy impact 
energies are quoted in terms of absorbed energies 
divided by the cross-sectional area of the sample. A 
dimensionless parameter called the 'ductility index' has 
also been calculated. This ductility index (DI), as 
proposed by Beaumont et al. 14, is defined as the ratio of 
propagation energy to initiation energy and is an 
indication of the brittleness of the material. The test 
specimens were unnotched bars 60 mm long and 4 x 3 
mm in cross-section. They were loaded on the lower 
side of the sample over a loading span of 40 mm. 
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Fig. 3 Modulus vs. hybrid composition: (3, initial (untreated 
HP-PE); O, initial (treated HP-PE); A, after 100 s relaxation 
(untreated HP-PE); R, after 1000 s relaxation (untreated HP-PE) 

RESULTS AND DISCUSSION 

Tension 

Results from the tensile tests on hybrids, and on plain 
HP-PE and carbon composites are given in Table 1. 
Fig. 3 shows the initial moduli of hybrid HP-PE/carbon 
composites as a function of composition. It can be 
observed that the stiffness varies linearly with the HP-PE 
content. There is no influence of improved adhesion of 
the HP-PE fibres on the modulus of the composite. 
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The strength of fibre-reinforced composites is generally 
predicted by the rule of mixtures (ROM). According to 
Chou and Kelly 15 and Manders and Bader 16, this idea 
can also be applied to hybrid composites. Fig. 4 shows 
the tensile strength of HP-PE/carbon composites as a 
function of composition. Point A represents the tensile 
strength of the all-carbon composite and point D that 
of the pure HP-PE reinforced specimen. 

The first failure event in the hybrid is assumed to occur 
when the strain in the hybrid exceeds the failure strain 
of the carbon composite. Based on this assumption the 
strength of the hybrids is given by two straight lines AE 
and BD, depending on whether or not HP-PE fibres are 
present in sufficient proportion to sustain the load after 
failure of the carbon fibres. 

From Fig. 4 it can be seen that the tensile strength data 
of the HP-PE/carbon hybrids is in good agreement with 
this constant strain model. Improvement of the interra- 
cial bond between HP-PE fibres and epoxy matrix 
resulted in a small increase in tensile strength of the 
hybrids and the HP-PE composites. Composites incorpo- 
rating treated HP-PE fibres failed in a more brittle way 
with less longitudinal splitting, but still gave evidence of 
numerous fibre pull-outs (Fig. 5). 

Failure strain data in Table 1 show an apparent 
enhanced first failure strain of the carbon component. 
This enhancement of first failure strain is often referred 
to as the 'hybrid effect', and has been observed before 
for the systems E-glass/carbon ~5-~9 and aramid/ 
carbon 2°. Usually this hybrid effect is quantified as the 
percentage increase in the first failure strain. Hybrid 
effects for the system HP-PE/carbon range from 5 to 
12% and are in reasonable agreement with other 
hybrid systems possessing similar specimen design. The 
influence of thermally induced strain on strain enhance- 

Fig. 5 Scanning electron micrograph of a fracture surface of 
HP-PE composite showing fibre pull-out 

ment, as noted for the system E-glass/carbon is, can be 
neglected for HP-PE/carbon hybrids. The axial coeffi- 
cient of thermal expansion of a Spectra 1000 fibre from 
0 to 80°C is about -10 x 10 -6 °C-1, the corresponding 
value for an XA-S carbon fibre is -0.26 x 10 -6 ° C  -1 from 
0 to 90°C. This implies that pre-curing at 80°C intro- 
duces, in theory, tensile residual strains in the carbon 
fibre. Consequently the effect of thermally induced 
strains on strain enhancement would be negative. 

Long-term behaviour 

In combining an elastic fibre like carbon with a vis- 
coelastic fibre such as polyethylene 21 a considerable 
drawback in long-term properties can be expected. For 
this reason the modulus reduction was studied using 
stress relaxation experiments at 30°C (Fig. 6). 

Plotted on a double-logarithmic scale all the samples 
show power-law relaxation behaviour. The stress 
relaxation modulus E is therefore 

E ( 0  = Ct -n (3)  

where n is the slope of the straight lines which gradually 
increases with the amount of HP-PE in the sample. The 
constants C and n for hybrids with various compositions' 
are given in Table 2. As the displayed behaviour is in 
accordance with the ROM (Fig. 3), it is clear that the 
long-term properties of HP-PE/carbon hybrids are 

Table 2. Power-law constants of hybrid 
composites 

HP-PE C 
fraction (GPa) 
(%) 

n 

0 113.6 
14 104.6 
40 88.4 
57 76.7 
80 64.0 

100 52.1 

0.00832 
0.01079 
0,01732 
0.02551 
0.04041 
0.06514 
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Fig. 7 Compressive strength vs. hybrid composition: O, 
untreated HP-PE; O, treated HP-PE 

Fig. 8 Optical micrographs of polished sections of compression tested specimens: (a) untreated HP-PE composites; (b) treated HP-PE composites 
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principallydominated bytheviscoelasticnature ofthe 
HP-PE fibre. 

Compression 

The compressive strength of the specimens varied 
linearly with composition for all HP-VE/carbon hybrids 
tested (Fig. 7). The compressive strength of pure HP-PE 
composites consisting of untreated fibres (o c = 73 MPa) I 
is more or less equal to the compressive strength of the 
epoxy matrix based on 50 volume % of matrix. Conse- 
quently the compressive strength of the hybrids follows 
the ROM, similar to that of the carbon/epoxy system. 

The effect of improved adhesion on compressive 
strength of the hybrids is negligible. Only for pure 
HP-PE composites was a small but still significant 
improvement obtained (oc -- 91 MPa). It seems likely 
that the increase in compressive strength of plain HP-PE 
composites incorporating treated fibres is caused by a 
change in failure mode. Composites with untreated 
fibres fail in a more brittle way by transverse splitting, 
whereas with improved adhesion the failure mode 
changes to more severe kinking with highly localized 
shear kinking bands (Fig. 8). Hybrids failed in a way 
similar to that of each of its components, i.e., shear 
cracking of the carbon part and kinking of the HP-PE 
components. 

Shear 

The low shear strength of HP-PE composites is one of 
the major limitations for its use in certain composite 
applications. By improving the interracial bond 
strength between the HP-PE fibre and the epoxy matrix, 

by means of surface treatments such as chromic acid 
treatments, shear strength can be improved. For our 
composites an increase from 15 to 29 MPa in short- 
beam shear strength was obtained. Nevertheless, this is 
still significantly lower than typical shear strength 
values of composites incorporating other reinforcing 
fibres in an epoxy matrix. These low shear strength 
values of HP-PE composites structures are inherently 
related to the highly anisotropic character of HP-PE 
fibres. 

Fig. 9 shows the effect of hybridization with carbon 
fibres on the shear strength of HP-PE composites. As 
might be expected, shear strength increased with the 
amount of carbon fibres present. However, the 
increase was still at a lower rate than predicted by the 
ROM, reflecting the low shear strength of the HP-PE 
component. 

Vibration damping 

The results of dynamic experiments on hybrids are 
given in Fig. 10, where the storage modulus E',  loss 
modulus E"  and the tan 6 are plotted against the 
volume fraction of HP-PE. The results showed little 
change over the covered frequency range and are 
plotted for 5 Hz. The storage and loss moduli of all 
hybrids varied linearly with the volume fraction of 
HP-PE in the sample and are in good agreement with the 
average moduli obtained from the static tensile tests. 
Damping increased rapidly with the amount of HP-PE, 
reflecting the viscoelastic nature of the fibre, resulting 
in a tan 6 of 0.0436 for the plain HP-PE composite which 
is more than six times that of the carbon composite 
(o.oo64). 

oo I 
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:E 

o3 
(n 
.J 
- 40 

20 
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Fig. 9 Interlaminar shear strength vs. hybrid composition: O, 
untreated HP-PE; 0 ,  treated HP-PE 
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Table 3. Charpy impact strength data for unidirectional hybrids 

HP-PE Max imum Initiation Total 
fraction force energy energy 
(%) (N) (kJ m -2) (kJ m -2) 

Ductil ity 
index 

Untreated HP-PE 
0 838 68.5 90.8 0.33 

20 594 45.0 206.0 3.58 
40 397 29.2 191.0 5.54 
60 308 26.8 171.2 5.39 
80 189 23.7 140.8 4.94 

100 139 32.3 116.7 2.61 

Treated HP-PE 
0 838 68.5 90.8 0.33 

20 628 47.0 100.0 1.13 
40 447 36.2 105.1 1.90 
60 375 37.2 118.2 2.18 
80 332 41.0 124.8 2.04 

100 167 52.2 145.3 1.78 
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Fig. 11 Charpy impact strength vs. hybrid composition: O, 
total energy (untreated HP-PE); 1--[, initiation energy (untreated 
HP-PE); 0, total energy (treated HP-PE); II, initiation energy 
(treated HP-PE) 
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Fig. 12 Load/time response in impact of: (a) plain HP-PE and 
carbon composites; and (b) hybrid HP-Prdcarbon composites 

Charpy impact 

Charpy impact results are presented in Table 3 and 
illustrated in Fig. 11, which gives the impact energies 
for various compositions. It is shown that hybrids 
incorporating untreated HP-PE fibres give a strong 
positive deviation from ROM behaviour or hybrid 
effect, whereas hybridization with treated HP-PE fibres 
gives an increase in impact performance proportional 
with the amount of HP-PE, comparable with other 
hybrid systems with similar specimen design 6. Initiation 

energies for both types of hybrid follow ROM-like 
behaviour and contribute only a small part to the total 
energy absorption of the hybrid. 

To obtain qualitative information about the impact 
behaviour of the composites, the load/time traces were 
taken into consideration. Fig. 12 shows the traces of 
plain carbon and HP-PE composites together with the 
traces of hybrids incorporating 60% carbon fibres and 
4 0 %  HP-PE fibres, treated as well as untreated. The 
span-to-depth ratio of 13.3, as used in these experi- 
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ments, is expected to give failure modes of tension/ 
compression type instead of shear failure modes. 

For plain carbon composites the load/time curves show 
the typical features of brittle failure. As soon as 
fracture is initiated the load drops off rapidly. This kind 
of brittle failure behaviour is reflected in low impact 
energies and low DI values. HP-PE specimens, on the 
other hand, show a clear compressive yielding failure 
mode resulting in higher DI values. The use of treated 
fibres resulted in plain HP-PE composites possessing 
higher impact energy values, mainly due to an increase 
in peak load. This improvement in dynamic flexural 
strength can be attributed to the improved compressive 
strength as described earlier. 

Hybrid specimens show an initial failure behaviour 
similar to that of the plain carbon composites. 
However, crack propagation is strongly altered after 
hybridization depending on the adhesion level of the 
HP-PE fibre. Hybrids incorporating untreated HP-PE 
fibres fail in a more ductile way and absorb more 
energy due to extensive debonding of the HP-PE fibres 
and longitudinal shear failures between HP-PE and 
carbon components. Both the hybrid composites, as 
well as both the plain HP-PE specimens, maintain their 
integrity after impact, whereas the carbon composite 
completely fractures. 

Fractographs of failed hybrid specimens incorporating 
60% HP-PE fibres and 40% carbon fibres are shown in 

Fig. 13 Fractographs of impacted hybrid specimens: (a) 
untreated HP-PE; (b) treated HP-PE 

Fig. 13 and indicate the differences in failure modes 
between hybrids incorporating untreated (Fig. 13(a)) 
and treated HP-PE fibres (Fig. 13(b)). In both hybrids 
broken carbon fibres are evident. Hybrids with 
untreated HP-PE fibres show several types of failure 
mode such as longitudinal shear failures and extensive 
debonding of the HP-PE fibres. However, almost no 
fibre breakage in the HP-PE component occurs, whereas 
in hybrids incorporating treated fibres at the same time 
HP-PE fibre snapping appears. This, in combination 
with little debonding and shear failure, results in a 
more brittle failure mode for the hybrids containing 
HP-PE fibres with improved interracial bonding. 

CONCLUSIONS 

Hybrid HP-PE/carbon composites give the possibility to 
use HP-PE fibres in structural composites with high 
damping and impact resistance. Such hybrids show in 
general intermediate values for mechanical properties 
compared with the pure components. Some properties 
such as compressive strength, and initial, dynamic as 
well as long-term modulus, follow ROM-like behaviour. 
Other properties such as vibrational damping and 
tensile and shear strength of HP-PE composites can be 
improved by hybridization with carbon fibres but at a 
lower rate than predicted by the ROM. 

The tensile strength fits fairly well the strength pre- 
dicted by the constant strain model. Failure strain data 
show an apparent enhanced first failure strain of the 
carbon component, a property often referred to as the 
'hybrid effect'. 

The work of fracture by Charpy impact showed a 
strong positive deviation from the ROM based on the 
properties of plain HP-PE and carbon composites. This 
positive hybrid effect only occurred for hybrids incor- 
porating untreated HP-PE fibres, whereas hybrids with 
chromic acid treated HP-PE fibres show an impact 
performance that varies linearly with composition. 
Improvement of the adhesion level of the HP-PE fibres 
results in lower impact energies due to failure modes 
that are strongly altered from a more ductile to a more 
brittle character. 

On the contrary, in shear, positive effects of improved 
interfacial bond strength of HP-PE fibres on hybrid 
properties were found. With the exception of shear 
strength and impact behaviour, no significant influence 
of the adhesion level of the HP-PE fibres on mechanical 
properties of uD-hybrids was found. 
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