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Abstract
Six commercially available high-strength, high-modulus polyethylene fibres have been 
studied with the aim of developing a deeper understanding of their structure-property 
relationships. Structural studies have been carried out on the measurement of crystallite 
size and orientation parameters using a wide range of techniques including optical 
microscopy, thermal analysis and wide-angle X-ray diffraction techniques, together with 
polarised IR spectroscopy. Birefringence, melting temperatures, melting enthalpies and 
crystallinity values are found to increase with increasing tensile strength and modulus as 
a direct result of the increased chain alignment induced during the fibre-drawing stages. 
Careful examination of the results show that improving the chain alignment encourages 
the alignment and lateral perfection of unoriented non-crystalline chains. Analysis of 
wide-angle X-ray diffraction, polarised IR spectroscopy and thermal analysis confirms the 
presence of a three-phase structure consisting of polymorphic crystalline (i.e. orthorhombic 
and monoclinic), highly oriented non-crystalline (i.e. paracrystalline) and unoriented 
non-crystalline (i.e. amorphous) structures, as opposed to the classical two-phase 
(crystalline and amorphous) structures. Analysis of polarised IR data shows the existence 
of a polymorphic structure consisting of highly oriented orthorhombic and monoclinic 
crystallites, together with highly oriented non-crystalline structure containing pseudo-
hexagonally packed chains. Analysis of second order orientation parameter, <P200>, 
shows that the monoclinic crystallites are more oriented than the orthorhombic crystallites. 
The analysis of the X-ray diffraction data suggests that increasing crystallinity and lateral 
perfection leads to a consistent reduction in the proportion of the oriented non-crystalline 
structure. A scanning electron microscopy (SEM) examination of the longitudinal views 
showed fibrillar striations along the fibre axis direction, together with relatively smooth 
surfaces with increasing tensile moduli. The samples showed excellent bending behaviour 
advantageous for the formation of fabrics. The cross-sectional images appeared to vary 
from deformed triangular to deformed circular shapes. 

Key words: polyethylen, orientation, crystallinity, infrared spectroscopy, thermal analysis, 
birefringence,  X-ray diffraction. 

Structure-property Relationships 
in High-strength High-modulus 
Polyethyelene Fibres

n Introduction
High-performance fibres of organic and 
inorganic origin (e.g. carbon, ceramics, 
glass, etc.) have received serious atten-
tion during the last few decades due to 
their desirable properties such as their 
high strength, high modulus, high chemi-
cal resistance and high thermal stability 
at elevated temperatures.

The most successful organic-origin 
high-performance fibres prepared from 
wholly aromatic rigid moities are based 
on liquid crystalline polymers originat-
ing from lyotropic and/or thermotropic 
systems. For example, aramids based 
on poly(p-phenylene terepthalamide) 
have been introduced on both sides of 
the Atlantic by DuPont under the trade 
name of Kevlar in USA and by Akzo 
Nobel under the trade name of Twaron 
in Europe. Thermotropic polyester based 
on HBA/HNA copolymer has been in-
troduced by Celanase under the trade 
name of Vectran. At the University of 
Leeds, during the 1980s and early 1990s, 
considerable research work was carried 
out on the synthesis [1,2], characterisa-

tion [3] and molecular modelling [4-6] of 
thermotropic polyesters containing rigid 
chain structures which exhibited liquid 
crystalline behaviour in the melt.

There have also been similar efforts 
in improving the mechanical perform-
ance of linear flexible-chain polymers 
such as polyethylene by super-drawing 
[7-8], solid-state extrusion [9] and gel-
spinning techniques [10-11]. In effect, 
fibres produced from the linear flexible 
chain polymers by conventional spin-
ning still contain a large proportion of 
folded chains. By choosing appropriate 
molecular weight distribution and by 
drawing at a suitable temperature and 
rate, folded chains can be partially un-
ravelled to give chain-extended materials 
at very high draw ratios. Polyethylene 
fibres with a modulus of around 70 GPa 
have been produced by the superdrawing 
technique. 

In fact, in practical terms, the most signif-
icant progress towards the enhancement 
of the mechanical properties of PE fibres 
has been achieved with the development 
of the process of gel-spinning (i.e. solu-
tion spinning followed by drawing at 

very high draw ratios). This process was 
discovered, developed and patented in 
Holland by Dutch State Mines (DSM) 
and produced under licence in USA by 
Allied Signal Corp (now Honeywell 
International Inc). The Dutch products 
have been introduced under the trade 
name of Dyneema whereas the USA 
products have been introduced under the 
trade name of Spectra [12]. These com-
mercially important PE fibres are finding 
applications in the areas of thermosetting 
resins, elastomers, ballistic protection 
and marine applications such as ropes 
and high performance sailcloths. The 
gel-spun filaments of polyethylene are 
reported to be drawn to very high draw 
ratios leading to a very highly extended 
structure along the fibre axis direction. 
Values of tensile strength up to 5 GPa 
and of Young modulus of 120 GPa have 
been reported [10-11] for polyethylene 
filaments made in this way. 

In the present investigation, six commer-
cially available gel-spun polyethylene 
fibres have been studied with the aim 
of establishing the structure-property 
relationships in terms of the degree of 
crystallinity, crystallite size and the states 
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Figure 1. A typical 
resolved DSC ther-
mogram of gel-spun 
polyethylene fibre; 
(Dyneema SK65 
grade fibre.

of the orientation of the crystalline and 
non-crystalline chains, with the ultimate 
aim of gaining an improved understand-
ing of the processing-structure-property 
relationships.

n Experimental 
Materials 
The samples used in the present study 
were three grades of gel-spun PE fibres 
commercially produced by Dutch State 
Mines (DSM) of Holland and Allied Sig-
nal (now Honeywell International Inc.) 
of USA. In total, 6 samples with mo-
lecular weights greater than 106 daltons 
were studied in the present study. Details 
of the samples showing the linear den-
sity, density, and mechanical properties 
are listed in Table 1, where the samples 
have been identified by their commercial 
name. Unfortunately, the processing 
conditions were not made available to 
us for commercial reasons.

Refractive index measurements
The refractive indices of the fibre 
samples with the aim of determining 
birefringence values were measured us-
ing an image-splitting Carl Zeiss-Jena 
interphako interference microscope. The 
refractive indices in the fibre axis direc-
tion (n//) and transverse direction (n⊥) 
were measured by matching the refrac-
tive index of Cargille immersion liquids. 
The birefringence of a fibre sample can 
be defined as the difference between the 
refractive index for light polarised paral-
lel to the fibre axis, n// , and that for light 
polarised perpendicular to the fibre axis, 
n⊥. The values measured of the refractive 
indices and the birefringences are shown 
in Table 2. 

Infrared measurements
A Nicolet Magna IR 750 Fourier Trans-
form spectrophotometer, equipped with 
a ZnSe based wire grid polariser, was 
employed for infrared dichroic measure-
ments. The polariser remained in a fixed 
orientation (either vertical or horizontal) 
throughout the experiments, and the 
samples were rotated in order to obtain 
spectra for different polarisation direc-
tions. 

The directly measured absorbance values 
were subject to errors due to the imper-
fect polariser effects. These errors can be 
corrected according to a procedure devel-

oped by Green & Bower [13]. No such 
corrections were found to be necessary 
following the previous studies carried out 
on one-way and two-way drawn poly-
propylene [14] & PVC films [15], and 
polyacrylonitrile (PAN)-based acrylic 
fibres [16] due to the absorbance values 
being below the critical value of 1.5. In 
all cases, 200 interferograms of a sample 
were averaged and transformed by the 

Happ-Genzel apodisation function. All 
the spectra were collected at a resolution 
of 2 cm-1. Finally, all the spectra were 
analysed by curve fitting procedures to 
obtain the peak parameters.

DSC measurements
The differential scanning calorimetry 
(DSC) experiments were carried out us-
ing a DuPont Differential Scanning 

Table 1. Sample details; (* Manufacturer’s data). 

Sample
Linear 

density, 
tex

Density*, 
g/cm3

Tensile* 
strength,

GPa

Elongation*
at break, 

%

Young’s* 
modulus,

GPa

SPECTRA 900 1.1988 0.97  2.61 3.6   79

SPECTRA1000 0.3996 0.97  3.25 2.9 113

SPECTRA2000 0.3886 0.97  3.25 2.9 116

DYNEEMASK60 0.1150 0.97  2.70 3.5   89

DYNEEMASK65 0.1130 0.97  3.00 3.6   95

DYNEEMA SK75 0.2256 0.97  3.40 3.8 107

Table 2. Refractive index results; (* Ref. 20).

Sample n //* n ⊥∗ Δn* <P
200

>opt

SPECTRA 900 1.5900 1.5310 0.0590 0.922

SPECTRA 1000 1.5910 1.5320 0.0590 0.922

SPECTRA 2000 1.5920 1.5320 0.0600 0.938

DYNEEMA SK60 1.5900 1.5320 0.0580 0.906

DYNEEMA SK65 1.5900 1.5320 0.0580 0.906

DYNEEMA SK75 1.5920 1.5320 0.0600 0.938

Table 3. Thermal analysis results.

Sample
Tm,

°C

%Xc1
lamellar
crystals

%Xc2
orthorhombic

crystals

%Xc3
hexagonal

mesophase

%Xc4
monoclinic

crystals
%Xc
total 

ΔH20, 
J/g

SPECTRA 900 146 11.1 25.8 32.8 6.1 76 222.2

SPECTRA 1000 150 10.6 46.5 19.4 - 77 224.3

SPECTRA 2000 150 4.5 53.4 19.2 - 77 225.9

DYNEEMA SK60 147 7.7 37.8 25.5 1.0 72 211.1

DYNEEMA SK65 149 6.9 58.8 11.3 5.6 83 243.4

DYNEEMA SK75 149 2.0 64.4   9.6 7.1 83 242.0
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Calorimeter controlled by a Thermal 
Analyst 2000 system. The typical sam-
ple weights used were approximately 5 
mg. The heating rate of 20°C/min and 
an upper temperature range of 200°C 
were selected. Indium (m.p. 156.5°C) 
was used as the calibration standard. The 
specimens were always tested in a nitro-
gen environment. The results of the DSC 
measurments carried out are presented in 
Table 3, whereas a typical resolved DSC 
thermogram of gel-spun polyethylene 
fibres is shown in Figure 1.  

X-ray diffraction 
The wide-angle X-ray traces were ob-
tained using a Scintag X-ray diffractom-
eter system utilising nickel-filtered CuK
 radiation (at a wavelength of 0.1542 nm) 
and voltage and current settings of 50 kV 
and 40 mA respectively. Counting was 
carried out at 20 steps per degree. The 
equatorial X-ray scattering data observed 
in the 10-35° 2θ range was corrected for 
Lorentz, polarisation and incoherent scat-
ter effects, and finally normalised to a con-
venient standard area. Intensity-corrected 
and normalised X-ray data was analysed 
by the peak fitting procedure detailed 
earlier [17], assuming a combination of 
Lorentzian and Gaussing line profiles. 

The peak widths at half-height were cor-
rected using Stoke’s deconvolution pro-
cedure [18]. Finally, the crystallite size 
of a given reflection was calculated using 
the Scherrer equation. The resulting crys-
tallite sizes evaluated for the strongly dif-
fracting (110) and (200) reflections using 
corrected half-height widths of Stoke’s 
deconvolution procedure [18] and the in-

tegral-breadths of all polyethylene fibre 
samples are listed in Table 4.

Scanning Electron Microscopy 
The lateral and cross-sectional surface 
structure of gel-spun polyethylene fibres 
were examined using an ISI-100A scan-
ning electron microscope with a voltage 
setting of 5 kV and a specimen detector 
for distances ranging between 8 mm to 
12 mm respectively.

n Data analysis
Infrared data - curve fitting
In the present work, the perpendicular 
and parallel polarisation spectra were fit-
ted according to the procedure described 
previously [20]. During the IR data col-
lection, an average of 10 experiments for 
each sample were carried out to maintain 
the reproducibility of the results.

Infrared data - evaluation of orienta-
tion averages
For uniaxially oriented systems with 
cylindrical symmetry, such as fibres, the 
calculation of orientation parameters 
derived from the analysis of the infrared 
data can be carried out using the dichroic 
ratio defined by equation (1),

D=A// /A⊥                            (1)

where A// and A⊥ are the measured ab-
sorbance values for radiation polarised 
parallel and perpendicular to the fibre 
axis respectively. To a good approxima-
tion, the dichroic ratio is related to the 
orientation parameter <P2(cosθ)> by

<P200> =  2)
 

where θ is the angle between the chain 
axis and the fibre axis, and Do=2cos2α, 
α being the angle between the transition 
moment associated with the vibrational 
mode and the chain axis. For samples 
with very low birefringence, such as 
the present polyethylene fibre samples, 
however, equations (1) and (2) are suf-
ficiently accurate. The <P200> values 
may vary between 0.0 and 1. For random 
orientation, <P200> may take the value of 
0.0, while for complete orientation the 
value of <P200> is 1. 

Evaluation of orientation averages 
from birefringence values
The second-order orientation parameter, 
known as Herman’s orientation param-
eter, is determined using equation (3). 

 <P200>opt =                  (3) 

where ∆n is defined as the birefringence.

In the present study, a value of 0.064 
(corresponding to the measurement of 
light wavelength of 589.3 nm) has been 
used as the maximum birefringence 
(∆no) value for the fully oriented sam-
ple of polyethylene [21]. The values of 
Herman’s orientation parameter <P200> 
determined from the refractive index 
data are presented in Table 2. 

Evaluation of DSC crystallinity from 
melting enthalpy values
The degree of DSC crystallinity can be 
evaluated from the melting enthalpies 
using Equation (4)

Xc =                  (4)

where Xc is the degree of crystallinity 
evaluated by the DSC method, ∆Hm is 
the melting enthalpy of the sample, and 
∆Hmo is the melting enthalpy of 100% 
crystalline sample, and is taken as 293 J/g
as published in the literature [20]. DSC 
crystallinity values are listed in Table 3.

n Results and discussion
Optical microscopy data 
The birefringence and the refractive 
index values measured at 589.3 nm 
are listed in Table 2. The measured bi-
refringence (∆n) values and evaluated 
<P200>opt values show that the polyethy-
lene fibre samples possess very high de-

Table 4. X-ray analysis results.

Sample HKL
indexing

Experimental
half-height
width 2θ, 

deg

Corrected
half-height 

width
2θ, 
deg

Integral
breadth

2θ, 
deg

L(hkl)
crystallite
size due to 

Stokes, 
nm

L(hkl)
crystallite
size due to 

integral 
breadth, 

nm

SPECTRA 900
110 0.76 0.69 0.86 12.98 10.49

200 0.78 0.71 0.91 12.66   9.88

SPECTRA 1000
110 0.69 0.62 0.77 14.48 11.61

200 0.93 0.86 1.10 10.47   8.21

SPECTRA 2000 
110 0.72 0.66 0.80 13.55 11.29

200 1.10 1.05 1.22 8.61   7.39

DYNEEMA SK60
110 1.46 1.40 1.77 6.45   5.10

200 1.61 1.55 1.95 5.84   4.63

DYNEEMA SK65
110 1.22 1.16 1.45 7.76   6.20

200 1.23 1.17 1.41 7.72   6.42

DYNEEMA SK75
110 1.11 1.04 1.32 8.65   6.81

200 1.06 1.00 1.20 9.00   7.55
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grees of chain alignment along the fibre 
axis direction. The average chain angle 
between the molecular chains and the 
fibre axis, <θc,f>opt, is found to vary be-
tween 11.7 and 14.5°. It should be noted 
that for perfect molecular orientation, the 
average orientation angle should be equ-
al or close to 0°. The results suggest that 
the Spectra® 2000 and Dyneema® SK75 
grade PE fibre samples have almost per-
fect overall orientation, as shown by their 
high <P200>opt values listed in Table 2. 

Thermal analysis data
Qualitative analysis of DSC traces sug-
gests an asymmetrical melting endotherm 
between 120 and 175°C with a main peak 
located around 149-150°C. For a detailed 
quantitative characterisation of DSC tra-
ces, a well-established curve-fitting pro-
cedure[17] is applied. As shown in Figure 
1, at least 4 melting endotherms can be re-
solved. The first, weak endotherm located 
in the 135ºC region is usually assigned to 
the melting of the folded lamellar crystals. 
The second, strong endotherm located in 
the 149ºC region is usually assigned to the 
melting of the orthorhombic crystals. The 
shoulder-shaped third endotherm located 
in the 155ºC region is usually assigned 
to the melting of the pseudo-hexagonal 
mesophase. The fourth, weak endotherm 
located in the 160ºC region is commonly 
assigned to the melting of the monoclinic 
structure [21-23].

During the analysis of the curve-fitted 
DSC traces, it was assumed that the total 
melting enthalpy between 120 and 175ºC 
is due to the sum of the melting of the 
polycrystalline structure consisting of 
orthorhombic and monoclinic phases, to-
gether with the pseudo-hexagonal struc-
ture. In the analysis, it has been further 
assumed that the un-oriented non-cry-
stalline phase known as the amorphous 
phase makes no contribution to the total 
melting enthalpy.

The results listed in Table 3 show an 
increase in the DSC crystallinity (%Xc), 
calculated as the sum of the proportion of 
the folded lamellar crystals, orthorhom-
bic and monoclinic crystals (i.e. %Xc1 + 
%Xc2 + %Xc4 in Table 3) in parallel to 
the increase in molecular orientation and 
Young’s modulus listed in Tables 1 and 
2. It should be noted that folded-chain 
conformations are incorporated in the la-
mellar crystals, whereas extended-chain 
conformations are incorporated in the 
orthorhombic crystals. 

The DSC crystallinity values listed in 
Table 3 suggests that the PE fibres of 
US origin contain a fraction of crystal-
line structure varying between 76-77%, 
whereas the PE fibres of European origin 
contain crystalline structure varying 
between 72-83%. In turn, these crystal-
linity values suggest amorphous fractions 
(1-Xc) varying between 23-24% for the 

fibres of US origin and 17-28% for those 
of European origin. 

The results show that the increases in 
tensile strength and modulus appear to 
be associated with the increase in the 
chain alignment (see Tables 1 and 2). As 
shown in Figure 2, there is also a similar 
relationship between the tensile modulus 
and the melting temperature. In effect, 
the increase in melting temperature is 
found to be associated with the incre-
asing alignment of chains, which in turn 
is associated with an improvement in the 
tensile strength and modulus.

The thermal analysis results presented 
in Table 3 show that the proportion of 
folded lamellar crystals decreases with 
the increase in melting temperatures and 
enthalpies as a direct consequence of the 
unravelling processes taking place during 
the fibre formation stages. This behaviour 
is in agreement with the increase in ove-
rall molecular orientation and Young’s 
modulus values listed in Tables 1 and 2.

Wide-angle X-ray diffraction data 
Analysis of equatorial traces from the 
samples show well-defined peaks. With 
the aim of obtaining detailed quantitative 
information, the equatorial traces in the 
10-35° 2θ region, shown in Figure 3, can 
be resolved into 6 peaks indexed as (010 
and 200 monoclinic), (100 hexagonal), 
(110, 200 and 210 orthorhombic) reflec-
tions, respectively. 

By definition, the area under the 
baseline is considered to be caused by 
the amorphous phase. The fraction of 
the amorphous phase, following the 
curve fitting procedure, is found to vary 
between 2 and 3% for the Spectra® 
grade PE fibres and between 5% and 
7% for the Dyneema® grade PE fibres 
respectively. This in turn suggests that 
the X-ray crystallinity values vary 
between 97 and 98% for the PE fibres of 
US origin and between 93 and 95% for 
those of European origin. It should be 
remembered that the X-ray crystallinity 
values consist of the fractions of 
polycrystalline phase consisting of 
orthorhombic and monoclinic crystallites 
with an oriented pseudo-hexagonal phase 
respectively.

If we assume that the X-ray diffraction 
method is a more reliable means of asses-
sing fractional crystallinity and amorpho-
us fraction values, then the amorphous 

Figure 3. A typical equatorial wide-angle X-ray diffraction trace (10°-35° 2θ) of gel-spun 
polyethylene fibre (Dyneema SK75 grade). The indexing of the reflections are indicated 
on the figure for the sake of clarification. The lower curves are the fitted peaks; the middle 
curve is the observed spectrum, and the upper curve is the difference between the observed 
spectrum and the fitted spectrum on the same scale.
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fraction obtained from thermal analysis 
appears to overestimate the amorphous 
fraction. This is due to the assumption 
that the calculation of DSC crystallinity 
assumes a two-phase structure consi-
sting of only the presence of crystalline 
and amorphous phases respectively. In 
the present investigation, however, the 
X-ray diffraction method has been able 
to detect the presence of three-phase 
structures known as crystalline, oriented 
non-crystalline (i.e. oriented pseudo-he-
xagonal) and un-oriented non-crystalline 
(i.e. amorphous) phases respectively.

The crystallite sizes which are perpen-
dicular to the strongly diffracting (110) 
and (200) planes of the orthorhombic 
structure, asevaluated from corrected 
half-height widths following Stoke’s de-
convolution procedure, are listed in Table 
4. The crystallite size which is perpendic-
ular to the (110) planes of the USA-made 
Spectra grade PE fibres varies between 
12.98 and 14.48 nm, corresponding to 
up to 35 chains in this direction. Using 
the same approach, the European-made 
Dyneema grade PE fibres appear to 

contain up to 21 chains in the same di-
rection. It shows that the USA-made PE 
fibres contain larger laterally packed or-
thorhombic structures than the European 
PE fibres, as shown by the higher number 
of chains in the direction perpendicular 
to the (110) diffracting planes. 

An analysis of the corrected half-height 
widths of the equatorial peak with an 
average d-spacing of 0.415±0.005 nm, 
shows the so-called crystallite sizes per-
pendicular to the (100) diffracting planes 
varying between 11 nm and 14.34 nm 
for the Spectra grade PE samples, 
and between 11.9 nm and 19.48 nm 
for the Dyneema grade PE samples. 
These crystallite sizes correspond up to 
35 chains for the Spectra grades, and 
up to 47 chains for the Dyneema grade 
PE samples in the direction perpen-
dicular to the (100) diffracting planes. 
The USA-made PE fibres contain up to 
1225 laterally packed chains forming 
hexagonal structure, against up to 2209 
laterally packed chains forming hexago-
nal structure for the European-made PE 
fibres. It is obvious that the increasing 
crystallinity and lateral perfection appear 
to reduce the proportion of hexagonally-
packed structures. 

Table 4 shows the comparison of the cry-
stallite sizes evaluated using the corrected 
half-height width and the integral breadth 
for the (110) and (200) reflections. The 
integral breadth may be defined as the 
ratio of the peak area to the full peak he-
ight. The results suggest that the integral 
breadth values are always higher than the 
corrected half-height widths, and that the 
corresponding calculated crystallite sizes 
perpendicular to the diffracting planes 
from the integral breath are always lower 
than the crystallite sizes evaluated from 
the corrected half-height widths. Due to 
the reliability of Stoke’s deconvolution 
procedure, which takes the full peak pro-
file into account, it is found to be more 
reliable. 

Polarised infrared spectroscopy data
Due to the complications arising from 
highly absorbent bands in the 3000-2800 
cm-1 and 1550-1350 cm-1 regions, the 
analysis has been limited to the doublet 
in the 775-675 cm-1 region. During the 
curve fitting procedures, it was found 
necessary to resolve the peak at 718 cm-1 
into two peaks, with positions of 719 cm-1 
and 717 cm-1, to improve the fitting. The 
peak at 718 cm-1 has been quoted in the 

literature [27] as arising from a combi-
nation of crystalline and non-crystalline 
(amorphous) phases. 

730 cm-1 peak: According to the previ-
ous investigation [20], the bandwidth 
of this peak is found to vary between 5 
cm-1 and 6.5 cm-1 in the spectral region 
studied. It has been assigned to in-phase 
CH2 rocking modes for the two chains in 
the orthorhombic unit [27,28]. The aver-
age chain angle, <θc,f>, for this peak is 
found to vary between 14.3 and 16.1° . 
The corresponding values of <P200> are 
shown in Figure 3. 

718 cm-1 peak: This peak is known [25] 
to consist of components caused by the 
crystalline and non-crystalline phases. 
The crystalline component located at 
717 cm-1 is known to come from out-
of-phase CH2 rocking modes for the two 
chains in the unit cell. According to the 
published literature [27-29], the crystal-
line component of this peak arises from 
its monoclinic structure. The non-crys-
talline component located at 719 cm-1 
is assigned to CH2 rocking modes of 
chain segments in the trans conformation 
[24,25]. 

The corresponding values of <P200> for 
the IR peak at 718 cm-1 resolved as a 
single peak are shown in Figure 3. Due 
to the contributions from the crystalline 
and non-crystalline phases, the orienta-
tion parameters obtained from this peak 
can be regarded as the overall orientation 
of the crystalline and non-crystalline 
phases. The <P200> values from this 
peak are found to be slightly less than 
those evaluated from the refractive index 
data. The average chain angle, <θc,f>, for 
this peak is found to vary between 16.1° 
and 18.6°.

717 cm-1 peak: This peak has been as-
signed to the out-of-phase CH2 rocking 
modes in the monoclinic structure. The 
corresponding values for <P200> for this 
peak are shown in Figure 4. This peak 
has the highest orientation parameters 
compared with the orientation param-
eters obtained from the 730 cm-1 peak. 
The average chain angle, <θc,f>, for this 
peak is found to vary between 9.3° and 
12.8°. It shows that the monoclinic struc-
ture is slightly better oriented than the 
orthorhombic structure.

719 cm-1 peak: According to the previ-
ous investigation [20], this peak is found 
to vary between 5 and 7.3 cm-1 respec-

Figure 2. The relationship between the tensile 
modulus and the melting temperature (Tm) 
of gel-spun polyethylene fibres: ●, Spectra 
900; O, Spectra 1000; □, Spectra 2000; 
∇, Dyneema SK60, ■, Dyneema SK65; 
∆, Dyneema SK75.

Figure 4. Comparison of <P200> values 
obtained from the 730 cm-1 IR peak with 
those obtained from 719 (O), 718 (□) and 
717 (∇) cm-1 infrared peaks.
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tively. This peak is the non-crystalline 
component of the peak located at 718 cm-1 
and has been assigned to CH2 rocking 
modes of chain segments in the trans con-
formation. According to Snyder [29], this 
peak is associated with sequences of more 
than four trans bonds, and is regarded as 
arising from a highly oriented hexagonal 
mesophase. The transition moment of this 
peak is also perpendicular to the chain 
axis, and shows perpendicular polarisa-
tion characteristics. 

The corresponding values of <P200> are 
shown in Figure 3. The average chain 
angle for this peak, <θc,f>, is found to 
vary between 22° and 24.9°. As shown in 
Figure 3, the orientation parameter of this 
peak, due to the non-crystalline nature of 
the hexagonal mesophase, is as expected 
lower than the orthorhombic and mono-
clinic structures.

Scanning electron microscopy (SEM) 
observations
The lateral and cross-sectional surface 
structures of gel-spun polyethylene fi-
bres were examined using an ISI-100A 
Scanning Electron Microscope with a 
voltage setting of 5 kV, and a specimen 
to detector distances ranging between 
8 mm to 12 mm respectively. As shown 
in Figure 5, the longitudinal SEM images 
are characterised by fibrillar structures 
running along the fibre axis direction. 
As the tensile modulus is increased, the 
surface morphology of the fibres appear 

to become smoother. Lower-modulus 
sample surfaces appear to be rougher, 
with fibrillar formations running in deep 
grooves along the fibre axis direction. 
The depth of the grooves become shal-
lower as the sample surfaces become 
smoother. Due to the difficulties with 
preparing the cross-sectional samples, 
no high-quality images were obtained. 
However, the cross-sectional images 
appear to vary from deformed triangular 
shapes to deformed circular shapes, pos-
sibly due to the effects of solution spin-
ning followed by drawing at very high 
draw ratios, causing the cross-sectional 
shapes to deform considerably. Unlike 
the aramids, gel-spun PE fibres showed 
no fibrillation or delamination when the 
fibre was knotted (Figure 6). The good 
bending behaviour is an advantage for 
the fabric formation. During the weaving 
and knitting operations, the fabric is ex-
pected to form with relative ease.

n Conclusions
The structure-property relationships of 
commercially available high-strength, 
high-modulus PE fibres have been in-
vestigated utilising a combination of 
techniques involving optical microscopy, 
thermal and X-ray diffraction analysis, 
together with polarised IR spectros-
copy techniques. Close examination of 
wide-angle X-ray diffraction, polarised 
IR spectroscopy and thermal analysis 
confirms the presence of three-phase 
structure.

The results from the birefringence meas-
urements via the refractive index data 
and the polarised IR data show that the 
gel-spun polyethylene fibres consist of 
highly aligned chains along the fibre 
axis direction. The results show that the 
orientation parameter <P200>, obtained 
from the dichroic ratios of 730, 719 
and 717 cm-1 IR peaks assigned to the 
orthorhombic, oriented non-crystalline 
and monoclinic phases, shows that the 
monoclinic crystallites are more highly 
oriented than the orthorhombic crystal-
lites. In turn, the orientation parameters 
of orthorhombic and monoclinic crystal-
lites are found to be higher than that of 
the oriented non-crystalline structure.

Careful analysis of the wide-angle X-ray
diffraction data, following the curve 
fitting and instrumental broadening cor-
rection procedures, shows that the USA-
made Spectra grade PE fibres contain 

larger laterally packed orthorhombic 
structures than the European-made 
Dyneema grade PE fibres, as shown by 
the higher number of chains in the direc-
tion perpendicular to the (110) diffracting 
planes. 

Analysis of the equatorial peak with an 
average d-spacing of 0.415±0.005 nm, 
assigned to the (100) reflection of the 
hexagonal structure, shows that the 
USA-made PE fibres contain up to 1225 
laterally packed chains forming hexago-
nal structure, against up to 2209 laterally 
packed chains forming hexagonal struc-
ture for the European-made PE fibres. It 
is obvious that increasing crystallinity 
and lateral perfection appears to be re-
ducing the proportion of hexagonally-
packed structures. 

As shown in Figure 2, there is a direct 
relationship between the tensile modulus 
and the melting temperature. There is 
also a similar relationship between the 
tensile modulus and/or tensile strength 
and the melting enthalpy, DSC crystallin-
ity, birefringence and Herman’s orienta-
tion parameter (<P200>) values obtained 
from 730, 718 and 717 cm-1 IR peaks. 
Unfortunately, owing to the unavailabi-
lity of processing parameters for com-
mercial reasons, no relationship between 
the structure, property, and processing 
parameters can be established

Close examination of SEM showed 
that the lateral surface structures of the 
samples are characterised by fibrillar 
formations running along the fibre axis 
direction. Lower-modulus samples ap-
pear to have rougher surfaces becoming 
smoother with increasing modulus. Ex-
cellent bending behaviour was observed 
with the knotted single filaments, mak-
ing the formation of the fabric a simple 
task.

The use of transmission electron micros-
copy (TEM) would be useful for directly 
measuring the crystallite size as a means 
of assessing the apparent crystallite sizes 
evaluated by the X-ray diffraction tech-
nique.

Using the high-temperature X-ray dif-
fraction technique would provide valu-
able information on crystallinity, crystal-
lite size and the orientation parameters 
of crystalline structures, as a function of 
temperature, during the phase transitions. 
With high-temperature IR microscopy, 
orientation parameters for crystalline 

Figure 6. Longitudinal view of Spectra 
2000 fibre with a knot (×1200). 

Figure 5. Longitudinal view of Spectra 
2000 fibre (×3000).
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and non-crystalline phases, as well as 
further clarification of the assignments 
of IR peaks as a function of temperature, 
could be obtained, especially during the 
pre-melting, melting and post-melting 
temperatures. 
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