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Abstract. The influence of strain rate and temperature on modulus, strength and work of fracture of 
high-performance polyethylene (HP-PE) fibres and composites is investigated. Results showed that 
an increase in strain rate and/or decrease in temperature leads to a reduction in work of fracture. At 
high strain rates or low temperatures a constant minimum level for the fracture energy is reached. 
The energy absorption capacity of HP-PE/epoxy laminates is investigated using full penetrating 
dart-impact tests and showed similar trends than observed for HP-PE fibres. The impact energy of 
these laminates could be described quantitatively in terms of fibre, matrix and delamination effects 
by combining the tensile test results on fibres and unidirectional composites with fracture toughness 
experiments on laminates. 

1. I n t r o d u c t i o n  

Despite the excellent short-term mechanical properties of high-performance 
polyethylene (HP-PE) fibres [1, 2], these fibres show a pronounced time dependent 
behaviour under continuous static loadings. In contrast to these limiting factors, 
the viscoelastic character and the relatively high work-to-break of HP-PE fibres 
compared with carbon, aramid and glass fibres renders them, however, eminently 
suitable for applications where impact resistance [3-7] and vibrational damping 
is required [8, 9]. In exploring new applications for HP-PE fibres in this area, 
the ability to predict the influence of temperature, loading speed or frequency on 
the impact performance or vibration damping behaviour of these fibres is of great 
significance. 

With respect to the impact performance of HP-PE fibre reinforced composites, 
the influence of test temperature has been reported by Zimmerman et  al. [10]. In 
this experimental work full penetrating drop weight impact tests were conducted 
at three different temperatures on laminates incorporating two types of HP-PE 
(Spectra TM 900 and 1000), aramid (Kevlar TM 49) and E-glass fibre. Enhanced 
energy absorption capacity was observed for HP-PE laminates with increasing 
temperature. In order to predict this impact behaviour, the strain rate and temper- 
ature dependence of both the deformation behaviour and fibre strength should be 
quantified. 



36 T. PEIJS ET AL. 

Previous studies in this area were mainly directed to the deformation behaviour 
of polyethylene fibres and the modelling of long-term properties such as creep and 
stress-relaxation. The deformation behaviour of melt-spun drawn polyethylene 
fibres has been studied extensively by Wilding and Ward [11-16]. Their model 
was extended to solution-spun ultradrawn HP-PE fibres by Leblans et  al. [17] and 
Govaert et al. [18], finally yielding a mathematical model that can describe the 
deformation behaviour of HP-PE fibres under any load and at any temperature. 
This model is applicable to both long loading times (creep, stress relaxation) and 
short loading times (dynamic excitation, impact). Using this mathematical model 
the dynamic properties of composites based on HP-PE fibres were discussed and 
modelled [9]. 

In this study we will focus on the temperature and strain rate dependence of the 
w o r k  o f  f rac tu re  of HP-PE fibres and composites. The deformation behaviour and 
strength of HP-PE fibres were fully characterized and the contribution of the work 
of fracture of the HP-PE fibres to the impact resistance of composite laminates was 
evaluated. 

2. Deformation Behaviour of  HP-PE Fibres 

2.1. MODELLING 

Similar to the approach of Wilding and Ward [11-15] for melt-spun HDPE fibres, 
Govaert et al. [ 18] distinguished two simultaneous contributions to the deformation 
of solution-spun ultradrawn polyethylene fibre: 

• A recoverable or delayed elastic component, which dominates the deformation 
behaviour at short loading times, low stress or low temperatures. 

• An irrecoverable or plastic component, which dominates at longer loading 
times, high stresses and/or temperatures. 

To combine the contributions of both the delayed elastic and the plastic components 
in a single model, it was assumed that both components act independently and in 
series with each other (Figure 1). 

This leads to the following decomposition of the total strain etot of the fibre: 

eto~ -= ed~ + cpl (1) 

and 

= - ( 2 )  

where cac and cpl are the contributions to the total strain of the delayed elastic and 
the plastic flow components, respectively. 

To obtain a mathematical stress-strain relation for the delayed elastic contri- 
bution, the classical theory of linear viscoelasticity is applied [19]. The stress is 
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Fig. 1. Schematic representation of the phenomenological approach to the deformation 
behaviour of HP-PE fibres [ 18]. 

related to the viscoelastic strain rate via the relaxation modulus and this relation is 
represented via the Boltzmann superposition integral: 

f ~r(t) = E ( t  - t ' )~de(t ' )dt '  (3) 
o o  

where cr is the extensional stress, E is the relaxation modulus and ~ac is the strain 
rate acting on the delayed elastic component. To cover the viscoelastic behaviour of 
HP-PE fibres from impact rate to long-term loadings, a continuous relaxation-time 
spectrum [19] for the relaxation modulus E ( t )  can be used [8, 18]. Dependent on 
the range of applicability, E ( t )  can be approximated by less tortuous mathematical 
expressions. Leblans et al. [ 17] showed that with the introduction of a simple power 
law expression for the stress relaxation modulus E ( t )  = C t  -'~ short-term creep, 
stress-relaxation and low strain rate stress build-up can be satisfactory described. 

The range of applicability of such a power law can be increased by using a 
modified power law: 

E(t)  = c ( t  + to) (4) 

where C t o  n is the initial modulus. This expression becomes identical to normal 
power law behaviour [17] at longer loading times, whereas the continuous spectrum 
[18] is approximated at short loading times. 

The contribution of the plastic flow to the total deformation behaviour of HP- 
PE fibres can be characterized by long-term creep experiments and was proven 
to be solely determined by stress and temperature. It was shown that the stress 
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dependence of the plateau creep rate could be described by a power law relation, 
whereas the temperature dependence could be approximated by a single thermally- 
activated process. Stress and temperature dependence of the plastic flow rate are 
independent of each other and are expressed as: 

T) = apt(T)Ca TM (5) 

where apt(T) is the temperature shift factor which incorporates the temperature 
dependence of the plastic flow contribution and is represented by: 

apt'T°(T) [ - ~  (To (6) 

where U is the Arrhenius activation energy, R is the gas constant, T is the absolute 
temperature and To is the reference temperature. 

Substitution of Equation (2) into Equation (3) leads to a stress-strain relation, 
which incorporates both the delayed elastic and plastic flow contribution to the 
total deformation of the fibre: 

= - t ' )  -  pt(o-, t ' ) ]  dr' 
t o  

(7) 

where E(t) is the continuous relaxation spectrum [18] or a power law similar to 
Equation (4) and ept (or) is given by Equation (5). 

The validity of this relation was demonstrated for high speed tensile experiments 
as well as long-term static loadings [18]. It should be noted, however, that this 
equation solely predicts the stress-strain behaviour and does not provide limits to 
the deformation. 

2.2. ILLUSTRATIONS OF TIME-DEPENDENT BEHAVIOUR 

In this Section some examples of time-dependent behaviour of HP-PE fibres will 
be shown in relation to the previously described deformation model. 

Recoverable and irrecoverable deformation: creep 

In Figure 2 model predictions of the creep compliance D(t  ) = ~(~)/o-0, using 
Equation (7) and data of Dyneema TM SK66 fibre [18], are presented as a function 
of time for various temperatures and stresses. At short loading times the deformation 
behaviour is stress independent and displays power law behaviour with time [17, 
18], whereas at long loading times the onset to a highly stress dependent plateau 
creep rate is observed. 
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Fig. 2. Model  predictions for the creep compliance o f  HP-PE fibre (Dyneema TM SK66) at 
various temperatures and stresses; (A)  250 MPa; ((D) 500 MPa; (~7) 750 MPa; (+) 1000 MPa; 
(&) 1250 MPa. 

Recoverable deformation: Dynamic properties 

The viscoelastic character of HP-PE fibres can be beneficial in dynamic loading 
conditions, i.e., vibration damping. Figure 3 shows master curves of the dynamic 
modulus (Ea) and the phase angle 6 of various commercial grades of HP-PE fibre as 
a functionof angular frequency for a reference temperature of 30°C. Master curves 
for the Dyneema TM SK66 [18] and SK60 [9] fibre were taken from literature. Model 
predictions of both the dynamic modulus and phase angle are also plotted for the 
Dyneema TM SK66 fibre using Equation (7) and the continuous relaxation time 
spectrum for the relaxation modulus. The Spectra TM 1000 fibre was characterized 
using dynamic experiments in uniaxial extension in the frequency range from 0.2 
to 3 Hz, at temperatures from -20 to 105°C using a Polymer Laboratories DMTA 
MK 2. Master curves of Ea and tan 6 were constructed by horizontal shifting of 
adjacent isotherms. 

With increasing frequency (or strain rate) an increase in dynamic modulus and a 
decrease in tan 6 is found. Although the dynamic modulus for Spectra TM 1000 fibre 
is slightly higher than that of Dyneema TM SK60 and SK66, all these fibres showed 
comparable stiffness and excellent vibrational damping properties compared with 
aramid fibres [9]. Typical values for tan g at for example 1 Hz are 0.015 and 0.06 for 
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Fig. 3. Master curves of the dynamic modulus and tan 6 vs. angular frequency for a reference 
temperature of 30°C of: (e) Dyneema T M  SK60; (Q)) Dyneema T M  SK66; and (/X) Spectra T M  

1000. Drawn lines are model predictions for Dyneema T M  SK66. 

aramid and HP-PE fibres respectively, indicating that free vibrations in the HP-PE 

fibre will fade out four times faster• 
Of  course, this increase of modulus with frequency should also be observed 

in constant strain rate experiments. Prevorsek et al. [20,21] claimed a more pro- 
nounced increase in modulus with increasing strain rates up to 104 s -1, using high 
speed transverse ballistic impact experiments. At strain rates above 104 s -1 their 
results indicated that the modulus of  Spectra TM 1000 fibres became insensitive to 
strain rate changes, reaching a maximum value of 320 GPa. This value is consid- 
erably higher than the value of 145 GPa which is obtained as a plateau value in our 
dynamic experiments. The latter value, however, seems to correlate quite well with 
sonic modulus measurements on other fibres [22] (~  150 GPa at ~ > 106 s- l ) .  
Moreover, since the reported value of 320 GPa approaches the theoretical modulus 
of polyethylene single crystals [23], and thus the maximum attainable modulus for 
polyethylene, such high values are unlikely for any commercial fibre grade. 

Irrecoverable deformation." Plateau creep rate 

Long-term creep experiments can be used to characterize the plastic flow contri- 
bution, since this component dominates the deformation behaviour of the HP-PE 
fibre at long loading times. Figure 4 shows the stress dependence of the plateau 
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Fig. 4. Stress dependence of the plateau creep rate at 70°C: (e) Dyneema TM SK60; (O) 
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creep rate (plastic flow) of various grades of commercial HP-PE fibres and model 
predictions using Equation (5) and data for the Dyneema TM SK66 taken from Ref. 
[18]. Plateau creep rates of Dyneema TM S K60 and Spectra TM 1000 were measured 
at 70°C in creep and tensile experiments [24]. For all fibres investigated, the stress 
dependence of the plateau creep rate can be represented by a power law relation. 

Furthermore it is shown that the creep behaviour of both the Dyneema TM fibres 
SK60 and SK66 is approximately the same, whereas the plateau creep rate of the 
Spectra TM 1000 fibre is slightly higher at high stress levels. However, showing 
these substantial creep rates the limitation with respect to structural applications is 
similar for all HP-PE fibres since failure will always occur within a relatively short 
loading time. 

In this Section some illustrations of time-dependent behaviour of HP-PE fibres 
together with model predictions were shown. In the present investigation it is 
attempted to incorporate the failure strength into the stress-strain relationship [18] 
given in Equation (7), in order to predict the impact behaviour of HP-PE fibres and 
composites. 
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3. Experimental 

3.1. MATERIALS AND SPECIMEN PREPRATION 

The HP-PE fibre used in this study was Dyneema TM SK60 yam (400 denier) 
supplied by DSM High Performance Fibers BV. 

A common epoxy system (Araldite TM LY 556/HY 917/DY 070) was used as 
matrix system for the fabrication of impregnated strands and composite laminates. 
Impregnated strands were fabricated on a filament winder by winding impregnated 
yarn (1200 denier) on a frame. After winding the yarns are degassed in a vacuum 
oven and subsequently cured while rotating in an oven. The volume fraction of 
fibre in the impregnated strands was approximately 40%. 

Cross-ply laminated plates with a thickness of 1.3 mm (45 volume % of fibre) 
were manufactured by stacking three plies of pre-impregnated woven fabric (plain 
weave, 200 g m -2) in a [0,90] lay-up in a mould. Laminates were cured for 4 
h under combined vacuum and pressure conditions in a press-clave at 80°C and 
subsequently post-cured for 12 h at 110°C. 

3.2. TESTING 

Tensile tests on HP-PE yarn (400 den) with a length of 250 mm were performed on 
a Zwick 1445 tensile tester equipped with a thermostatically controlled oven and 
pneumatic fibre-clamps. Static mechanical experiments were conducted at different 
strain rates (10 -5 to 10-1 s -  1) and different temperatures (-40 to 80°C). 

Creep experiments on HP-PE yam provided with adhesively bonded cardboard 
tabs were performed on a Frank 81565 tensile tester at different stress levels (250 
to 1250 MPa) and different temperatures (23 to 90°C). The deformation during 
creep was monitored with an extensometer. 

Impact performance of  HP-PE/epoxy laminated plates was measured using an 
instrumented dart-test on a Zwick Rel tensile machine at different temperatures 
(-40 to 80°C) and different impact speeds (0.004 m s -1 to 5 m s- l ) .  Laminated 
plates (60 × 60 mm) were clamped between two plates with an internal diameter 
of 20 mm. A hemispherical dart with a diameter of 10 mm was used and impact 
energies were obtained by recording the load-time curve during penetration. 

4. Results and Discussion 

In order to predict the strain rate and temperature dependence of the impact 
behaviour of HP-PE fibres and composites, the deformation behaviour and strength 
of HP-PE fibres as a function of time and temperature should first be characterized. 
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4.1. CHARACTERIZATION OF FIBRE MODULUS 

Recoverable deformation 

To a first approximation, HP-PE fibres can be regarded to be linear viscoelastic in 
dynamic and/or short-term loading situations as encountered in impact (see Fig- 
ure 3). Well-known characterization methods for linear viscoelastic materials, that 
cover a sufficient wide time-frequency range, are dynamic excitations, creep or 
stress-relaxation experiments. Dynamic excitation, for example, was used in the 
previous Section for the characterization of the dynamic modulus at different tem- 
peratures and frequencies. In this study, an alternative approach using conventional 
tensile tests at different strain rates and temperatures has been followed in order 
to include the determination of fibre strength. In the case of linear viscoelastic 
behaviour, it can be shown that: 

&r = E(t = e). (8) 

Thus values for the relaxation modulus E(t) can simply be determined from 
tangent-moduli at a fixed strain level. To cover a sufficient wide time-frequency 
range, tensile experiments were performed at strain rates which varied from 10 -5 
to 10-1 s -  1 and temperatures ranging from -40 to 80°C. From all these stress-strain 
curves tangent-moduli at 1% strain were derived and subsequently transferred into 
isotherms for the stress-relaxation modulus (Figure 5). 

A master curve for the modulus at 23°C, constructed by horizontal shifting 
and matching of these isotherms, is presented in Figure 6. Since time-temperature 
superposition is valid for HP-PE [18], this curve can be used to predict the actu- 
al fibre behaviour over a large time scale. The temperature dependence can be 
described with a thermally activated Arrhenius process with an activation energy 
of 115 kJ tool -1 . 

The time dependence was fitted using the modified power law given in Equation 
(4), with C is 80.54 GPa.s -n,  n is 0.062 and to is 0.03 s. 

Irrecoverable deformation 

Although this study focuses on short-term loading situations where the contribution 
of the plastic deformation process can be neglected, creep experiments were per- 
formed to characterize this component for the SK60 fibres used in this study. The 
stress dependence of the plateau creep rate, as measured for SK60 fibres in creep 
experiments, is presented for various temperatures in Figure 7, It is shown that, 
similar to observations for SK66 fibre [18], the stress dependence of the plateau 
creep rate can be represented by a power law relation at all temperatures and that 
the slope of these power laws is independent of temperature. Consequently, the 
stress and temperature dependence of the plastic flow rate can be described using 
Equations (5) and (6), where C is 0.216 MPa - m s  -1, m is 4 and AU/R  equals 
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-12300 K -1. The temperature dependence of the irrecoverable creep could be 
approximated by a single temperature-activated process with an activation energy 
of 120 kJ mo1-1 . 

4.2. CHARACTERIZATION OF FIBRE STRENGTH 

Isotherms for the failure strength of HP-PE yarn are constructed from tensile exper- 
iments at different temperatures and strain rates. From Figure 8 it can be observed 
that an increase in temperature leads to a decrease in strength or yield stress. Yield- 
ing was observed at extremely low strain rates and/or high temperatures. These 
results are in full accordance with other studies on the influence of strain rate [25- 
28] and temperature [29] on the strength of HP-PE fibres, showing a decrease in 
strength and a transition from (pseudo) brittle fracture to yielding with decreasing 
strain rates and/or increasing temperatures. 

A master curve for the strength of HP-PE fibres at 23°C is constructed by 
horizontal shifting of the isotherms (Figure 9). From this master curve it can 
be concluded that even at room temperature, yielding occurs at low strain rates 
(< 4 x 10 -6 s- l ) .  

Also in this case, the behaviour can be described by one thermally activated 
process with an activation energy of approximately 85 kJ mo1-1, which is compa- 
rable to that for the reversible deformation process. Similar values for the fracture 
process of UHMW-PE fibres were also reported by Smook et al. [26]. Since these 



46 T. PEIJS ET AL. 

A 

n 2 
0 
t -  

o )  
c- 
O 

1 
co 

23oc • . ~ I  m 
40oC • ~ A /  ~ l l / -  

8000  

0 . , J t . , , I  I t ~ f J l l . I  i . , . , f l t l  , , . , , . . .  

10.4 10 -3 10-2 I 0 ~ 

St ra i n  ra te  (s "1) 

Fig. 8. Fibre strength as a function of strain rate at temperatures ranging from 23 to 80°C 
(open symbols denote yielding). 

values for the activation energy are significantly lower than the bond energy of 
a C-C bond in polyethylene (~  300 kJ tool-l) ,  these data support previous stud- 
ies which indicated that the failure process of HP-PE fibres for a large extent is 
governed by chain slippage, i.e., breakage of secondary bonds [26, 28, 30]. 

The results of the long-term creep experiments and the tensile experiments can 
be combined to describe the failure or yield stress of  the HP-PE fibre over large 
regions of strain rates (see Figure 10). 

In this approach the failure stress is interpreted in terms of a plastic region and 
a brittle region and is expressed as: 

= Cpl~  "~ + C b , ~  ~ (9) 

where 

Cpt =0.22 x1012exp ( -12300T  -1) (GPa -m s - I )  
CbT = 1.95 x 10 -5 exp ( -9494  T -1) (GPa -~ s - t )  
m = 4  
n = 48. 
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4.3. W O R K  OF FRACTURE OF FIBRES 

Since the stress-strain behaviour and the failure stress of the fibre are now fully 
characterized, work of fracture can be predicted using: 

= f0 % o(,)a, ,  (]0) 

where Cb is the failure strain and t-(e) can be calculated for different strain 
levels using Equation (7) since both the relaxation modulus E(t), Equation (4), 
and the plastic flow contribution, Equation (5), are known. The strain at break is 
predicted by combining the predictions for or(e) and the strain rate dependence of 
the strength (Equation (9)). A computer programme including both contributions 
was developed to predict the work of fracture, see the drawn line in Figure 11 for its 
result at room temperature. The work of fracture of the HP-PE fibres is calculated 
from the experimental data by integration of the area under the stress-strain curves. 
The work of fracture for HP-PE fibres decreases with increasing strain rate and 
results in a constant minimum fracture energy of approximately 0.03 J mm -3. 
Numerical predictions are in good agreement with experimental data, showing the 
validity of the model  

In Figure 11 the energy absorption is considered per unit volume to enable 
correlation between the work of fracture of HP-PE fibres and the energy absorp- 
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Fig. 12. Total impact energy as a function of impact speed at different temperatures. 

tion during penetration of HP-PE/epoxy laminates which will be discussed in the 
following Section. 

4.4. CHARACTERIZATION OF IMPACT BEHAVIOUR OF COMPOSITES 

After the full characterization of the fibres, the strain rate and temperature depen- 
dence of the impact behaviour of HP-PE fibre reinforced epoxy laminates was 
investigated. Energy absorption during impact of laminated plates was determined 
from the load-time curves, which were recorded during penetration. Figure 12 
shows the isotherms for impact energy of HP-PE/epoxy laminates. From this graph 
it can be concluded that the penetration energy increases with increasing tem- 
perature. This observation puts the temperature dependence of HP-PE fibres and 
composites in an interesting perspective. On one hand structural properties such as 
stiffness and strength decrease with an increase in temperature, whereas on the oth- 
er hand energy absorption, being the most outstanding property of structures based 
on HP-PE fibres, improves due to an increase in failure strain with an increase in 
temperature. 

To enable comparison between the dart-impact results on composite laminates 
and the results on HP-PE fibres, also here the isotherms are horizontally shifted to 
construct a mastercurve for the impact energy at room temperature (Figure 13). 

Before comparing Figures 11 and 13, first a discussion on the different energy 
absorption mechanisms will be given. 
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Fig. 13. Mastercurve for impact energy at room temperature. 

4.5. DISCUSSION ON ENERGY ABSORPTION MECHANISMS 

Besides the contribution of the work of fracture ofa  HP-PE fibre bundle as analyzed 
in Section 4.3, additional contributions to the impact energy such as the influence 
of embedding a fibre in an epoxy matrix as well as the influence of delaminations 
will be considered. 

Fibre Fracture in Air 

The volume of fibre in a fabric (0,90) laminate which is loaded in tension in a dart- 
impact test and is available for energy absorption by fibre fracture is a cross with 
arms of width d and length L and is shown schematically in Figure 14. It should 
be noted however, that this volume is based on the hypothesis that the laminate 
acts as a flexible membrane, which seems a reasonable assumption for untreated 
HP-PE fabric composite with poor adhesion. 

The effective fibre volume loaded in tension in a cross-ply laminate can be 
calculated by: 

V/ib~, = dLhVf  (11) 

where d is the dart diameter (10 mm), L is the free test length (20 mm) being the 
inner diameter of the clamping plate, h is the thickness of laminate (1.3 mm) and 
VI is the volume fraction of fibre (0.45). After the determination of effectively 
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Fig. 14. Volume available for energy absorption in tension during penetration of the laminate. 

loaded fibre volumes also strain rates must be related to impact speeds in order to 
make the comparison between the different experiments possible. However, since 
both the failure strain of HP-PE fibres and the time to failure in a dart-impact test 
are known, such a correlation can be made easily. 

Fibre fracture in composite 

To investigate the influence of the matrix on the fracture energy of HP-PE fibres, 
tensile tests on impregnated strands (1200 denier, 45 vol.% of fibre) were performed 
at three different temperatures (-40, 23 and 40°C) and strain rates varying from 5 
x 10 -4 to 10 - !  s -1. Fracture mechanisms in unidirectionele composites such as 
fibre/matrix debonding, fibre pull-out, stress redistribution due to fibre fracture and 
multiple fibre fracture can result in synergy in work of fracture, i.e., the work of 
fracture of the composite can be more than the sum of the fracture energies of its 
constituents. 

The modulus of the impregnated strands, when normalized to the volume frac- 
tion of fibre, proved to be identical to those of the fibre bundles tested separately in 
air. However, after impregnation an increase in strength was observed of approx- 
imately 25%. This increase in strength is presumably the result of multiple fibre 
fracture due to redistribution of stresses after initial fibre fracture. In contrast to a 
fibre in a loose bundle, failure of individual filaments in an impregnated bundle 
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does not make the whole fibre ineffective because load is reintroduced into the 
broken fibre through the matrix. As a consequence the strength of impregnated 
bundles is generally larger than the strength of loose bundles since in a loose 
bundle every filament breaks only once, whereas in an impregnated bundle every 
filament can break more than once. This increase in strength can be described more 
quantitatively with the aid of statistical models [31, 32]. Due to the increase in fibre 
strength when embedded in a matrix, an increase in work of fracture is obtained of 
approximately 70% as calculated from the area under the stress-strain curves. 

Delaminations 

Besides energy absorption by fibre fracture in the composite, energy will also 
be absorbed by the formation of delaminations. A first estimate of the energy 
absorbed by the delaminations can be made by multiplying the visual delaminated 
area (Adet) with the number of delaminations (n) and the energy necessary to create 
an interlaminar crack (Gzc): Ede l  = nAdctGic. 

Under normal impact conditions, i.e., impact speeds higher than 1 m s -1, 
the delaminated area determined by visual observations and ultrasonic C-scan 
corresponds with the circular free test area (L = 20 mm). Therefore, in a three-ply 
laminate, two circular delaminations with a diameter of  20 mm can be formed. 
To estimate the energy absorbed by these delaminations, mode I interlaminar 
fracture toughness experiments were performed on HP-PE fabric composites which 
produced an average value for Gic of 1.14 kJ m -2. Based on these data the 
delamination energy Edcl can be calculated, yielding a value of 0.7 J. 

4.6. CORRELATION BETWEEN IMPACT BEHAVIOUR OF FIBRE AND COMPOSITE 

In Figure 15 all energy absorption processes are compared. The experimental data 
correspond with the dart-impact results and are directly taken from Figure ! 3. The 
contribution of fibre fracture, in air as well as in a composite, is calculated from 
the work of fracture per unit volume of fibre multiplied by the fibre volume which 
is loaded in tension in the fabric composite (Equation (11)). Comparison of  results 
shows that dart-impact energies at high impact speeds approach the values for work 
of  fracture for HP-PE fibres in a composite, whereas fracture energies for HP-PE 
fibres when tested in air underestimate the impact energy of the laminates. By taking 
a delamination energy of 0.7 J into account and assuming that this delamination 
energy is independent of  strain rate and temperature, impact energies at normal 
impact speeds are quantitatively being described and can be considered as the sum 
of energy absorption by fibre fracture in a composite (90%) and energy absorption 
by the formation of delaminations (10%). Similar values for the contribution of 
delaminations to the total penetration energy were reported for Kevlar TM polyester 
laminates [34]. 



POLYETHYLENE FIBRES AND COMPOSITES 53 

20 

15 

UJ 

including gO 
delamination • % • 

- ~  v- • 

. . . . . . . . . . . . . . . . . . . . . . . .  fibre fracture 

0 , l l l . , . , I  = , t , l , , d  . i a n J . . . I  i . . . . , , d  , i , n , l , . l  , , , , 1 . . I  , , , , . l . I  , , , , , 1 , . I  , , . , , , J  

10-o lO-S 10-4 10-3 10-2 10-1 10 0 101 10 2 10 3 

Impact speed (ms "1) 

Fig. 15. Comparison of dart-impact energy with normalized energy absorption mechanisms 
from (a) fibre fracture in air (b) fibre fracture in composite and (c) including delamination. 

At low 'impact' speeds the predictions based on fibre fracture and delamination 
are underestimating the experimental data, suggesting that at low impact speeds 
the role of the delamination energy is more pronounced. Since the influence of 
test rate and temperature on delamination energy was not investigated, this effect 
cannot be further quantified. However, studies by other investigators showed an 
increase in mode I fracture toughness with increasing temperature [34, 35], which 
might be an indication for an increase in energy absorption by delamination at 
higher temperatures (and/or lower strain rates). Furthermore it should be noted that 
at low impact speeds the delaminated area was larger than the circular free test area 
shown in Figure 14, indicating that at low impact speed more material is deformed 
and available for energy absorption than assumed by Equation (11) and Figure 14. 

5. Conclusions 

• A mathematical model has been developed and validated for the prediction of 
the work of fracture of HP-PE fibres. 

• An increase in strain rate and/or a decrease in temperature results in: 
- an increase in fibre modulus 
- an increase in fibre strength 
- a decrease in work of fracture of the HP-PE fibres 
- a transition from yielding to brittle failure of the fibres 
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• The  w o r k  o f  f racture  o f  impregna ted  H P - P E  fibres is approx imate ly  70% 
h ighe r  than that  o f  H P - P E  fibres when  tested in air due t o  an increase in 
s t rength after  impregnat ion .  

• A n  increase  in impac t  speed  and/or  a decrease  in temperature  results in a 
dec rease  in energy  absorp t ion  capac i ty  o f  H P - P E / e p o x y  laminates.  

• The  impac t  pe r fo rm a nc e  o f  H P - P E / e p o x y  laminates  at h igh impac t  speeds  is 
ma in ly  cont ro l led  by  the w o r k  o f  fracture o f  the impregna ted  H P - P E  fibres. 
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