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Deformation behavior of oriented UHMW-PE fibers 

L. E. Govaert and P. J. Lemstra 

Centre for Polymers and Composites, Eindhoven University of Technology, Eindhoven, The Netherlands 

Abstract: The mechanical behavior of gel-spun, ultra-drawn, UHMW-PE fibers 
was investigated as a function of temperature, stress, and time under static and 
dynamic loading conditions. From a phenomenological point of view, two 
separate contributions to the deformation behavior could be distinguished, i.e., a 
reversible (viscoelastic) contribution and an irreversible plastic flow component. 
It was investigated whether or not this distinction can be rationalized on a 
molecular basis. The fibers were studied using static (creep) and dynamic 
mechanical analysis (DMA), dilatometry, and wide-angle x-ray scattering 
(WAXS). The results of the combined experimental observations are discussed in 
an attempt to relate the deformation behavior of highly oriented PE fibers to 
events occurring on a molecular scale. 
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Introduction 

Many routes have been developed to obtain a 
high degree of orientation and chain-extension in 
fibrous polyethylene systems [1-3]. A technolo- 
gically useful method to obtain highly oriented/ 
chain-extended fibers, based on ultra-high molecu- 
lar weight polyethylene (UHMW-PE), is the 
so-called gel-spinning/drawing process [4]. 
UHMW-PE fibers produced by this process are at 
present commercially available and possess moduli 
and strength levels up to 170 GPa and 4 GPa, re- 
spectively. However, intrinsically, the performance 
of PE fibers is less impressive with respect to high 
temperatures or long-term loadings, and, con- 
sequently, there has been considerable interest in 
the time-dependence of the deformation behavior 
of these fibers. 

In the case of melt-spun/drawn polyethylene fi- 
bers, Wilding and Ward [5-7] followed a phenom- 
enological approach, where the total deformation 
is considered to originate from a reversible, linear 
viscoelastic (delayed elastic) contribution and a 
non-linear plastic flow component [5]. Recently, 
we applied this phenomenological approach to de- 
scribe the deformation behavior of gel-spun 

UHMW-PE fibers [8]. It was shown that separate 
characterization of the reversible viscoelastic and 
the irreversible flow contribution leads to a phe- 
nomenological stress-strain relation that is in good 
accordance with the actual fiber behavior under 
various loading conditions over a broad range of 
frequencies (loading times) and temperatures [8]. 

The question arises whether the phenome- 
nological distinction between reversible and irre- 
versible contributions to the deformation of highly 
oriented polyethylene fibers can be rationalized on 
a molecular basis. The Irvine/Smith model [9] pre- 
dicts a unique modulus vs. draw ratio curve based 
on a simple two-phase model of, respectively, an 
oriented crystalline (helix, in their terminology) 
and amorphous fraction (coil). Another two- 
phase model, in terms of crystalline and amor- 
phous orientation functions was presented by 
Anandakumaran et al. [10], who pointed out the 
pronounced influence of the amorphous orienta- 
tion on the tensile modulus of oriented polyethyl- 
ene. In an attempt to elucidate the nature of the 
"amorphous" component in oriented polyethylene, 
Deckmann et al. studied oriented polyethylene 
fibers using NMR [11]. It was shown that different 
motional states could be distinguished, related to a 
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crystalline fraction that is perfectly oriented, but 
partly mobile and a non-crystalline fraction that is 
oriented to some extent [11]. The motional state of 
the mobile crystalline fraction is governed by a fast 
exchange of gauche defects, the non-crystalline 
fraction is dynamically disordered as a conse- 
quence of segmental motion [11]. 

In this study, the results of static and dynamic 
mechanical experiments, wide-angle x-ray scatter- 
ing (WAXS), dilatometry, constrained and uncon- 
strained heating are combined with literature data 
in an attempt to describe the involvement of 
crystalline and non-crystalline components in the 
reversible and irreversible deformation processes in 
oriented PE structures. The authors hasten to add 
that it is not intended to propose another model for 
the structure of oriented polyethylene, in view of 
the abundance of models in literature [12], but 
the purpose of this paper is merely to relate the 
dynamic stress-strain behavior of oriented PE 
fibers, in terms of reversible and irreversible defor- 
mation, to events occurring on a molecular scale. 

Experimental 

A) Materials 

All experiments, unless stated otherwise, have been per- 
formed on gel-spun ultra-drawn UHMW-PE fibers Dyneema 
SK66, supplied by DSM-HPF as a multi-filament yarn of 1600 
den. The modulus and strength of the fibers were 85 GPa and 
3 GPa, respectively. 

To study the effect of irreversible creep deformation on the 
tensile modulus of oriented PE, experiments were performed 
on partially drawn UHMW-PE fibers of 50 den. These 50 den 
fibers were spun from a 10wt.-% UHMW-PE solution and 
possessed, after partial drawing, a tensile modulus of approx. 
50 GPa. The UHMW-PE grade used for both fibers possessed a 
weight average molecular weight of approx. 2103 kg/mole. 

For comparative experiments, solution-crystallized/drawn 
tapes with a draw-ratio of 40 were used. The tapes were 
obtained by casting films from 2 wt.-% UHMW-PE solutions 
of the same grade. After casting, see also the experimental 
section of reference [4], the solvent was evaporated at room 
temperature. The resulting dry films were cut into pieces of 50 
x 10 mm 2 and drawn at 120 ~ to a draw ratio of 40, resulting 
in tapes possessing tensile moduli of approx. 60 GPa. 

B) Techniques 

Thermorheological behavior: The thermorheological behavior 
of the reversible part of the deformation was studied in 
dynamic mechanical and stress relaxation experiments at low 
strain levels (reversible deformation). Dynamic experiments 

were performed in uniaxial extension in the frequency range 
from 0.2 to 3 Hz, at temperatures from -- 20 to 105 ~ [8]. 
The equipment used for the experiments was a Polymer Labor- 
atories DMTA MK2. By splitting the multi-filament yarn, 
samples were prepared with a reduced cross-sectional area of 
0.01 mm 2 and a length of 20 mm. To improve clamping, the 
fiber ends were provided with cardboard tabs, glued together 
with an epoxy resin. 

Stress relaxation experiments were performed at a strain of 
0.5% (reversible deformation) at temperatures from 30 ~ to 
70 ~ on a Frank 81565 tensile tester equipped with an exten- 
someter and a thermostatically controlled oven. 

The temperature dependence of the plastic flow contribu- 
tion was analyzed in terms of the plateau creep rate [8]. Creep 
experiments were performed in dead-weight loading at stress 
levels ranging from 200 to 1000 MPa and temperatures from 
30 o to 90 ~ [8]. The strain was monitored as a function of 
time, whereas the plateau creep rate was subsequently deter- 
mined by plotting the strain rate logarithmically vs. strain in 
so-called Sherby-Dorn plots [8, 13]. For both the stress relaxa- 
tion and creep experiments, fiber samples of 255 mm length 
were used, provided with cardboard tabs to improve clamping. 

Volume expansion (WAXS, dilatometry): The temperature 
dependence of the orthorhombic unit cell volume was moni- 
tored by measuring the unit cell dimensions (a-, b-, c-axis) 
using wide-angle x-ray equipment, a Siemens DS00TT diffrac- 
tometer, and Ni-filtered Cu K~-radiation (5~ = 1.5406 A) with a 
graphite monochromator. The scans were performed on 2.5- 
cm long pieces of yarn, positioned in a special holder between 
aluminum foil. For the 200, 110, 020, and 310 reflections, the 
fiber axis was directed perpendicular to the 20-scanning plane. 
The 20-scan was performed from 19 to 46 ~ (20) with steps of 
0.02 ~ each step being monitored for 10 s. For the 002 reflec- 
tion the fiber axis was directed parallel to the scanning plane. 
This 20-scan was performed from 73 ~ to 76 ~ (20) with steps of 
0.02 o, where again each step was monitored for 10 s. 

The dimensions of the a-, b-, and c-axis were calculated 
from the 200, 020, and 002 reflections, respectively [14]. The 
calculated dimensions were cross-checked on the 110 and 310 
reflections, showing deviations less than 0.1%. 

The temperature dependence of the total fiber volume was 
monitored with dilatometry using mercury as the confining 
liquid. The dilatometer used in this study has been described in 
detail elsewhere [15]. The total volume of the cell was about 
15 ml. The volume change was measured with a capillary of 
50 cm and an inner diameter of about 1.5 mm. The instrument 
was calibrated with mercury, using a volume expansion coeffi- 
cient of 1.82 10 -4  K-1 for mercury [16] in the experimentally 
covered temperature range of 25 o to 120 ~ The experiments 
were performed on the 1600 den fiber and on solution-crystal- 
lized/drawn tapes with a draw ratio of 40. For each experiment 
about I g of material was used. The confining liquid, mercury, 
was added under a high vacuum (10-s torr). The filled dila- 
tometer was heated stepwise in a thermostatically controlled 
oilbath from 25 ~ up to 120 ~ After each temperature step an 
equilibration time of 20 min was allowed. The temperature 
was measured with an accuracy of 0.1 ~ the volume change 
was monitored with an accuracy of 0.00185 ml/division. 

Thermal shrinkage and retractive stress: Thermal shrinkage 
was monitored using a Frank 81565 tensile tester equipped 
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with an extensometer and a thermostatically controlled oven. 
The fibers (SK66) were clamped and a weight of 50 g (2.6 MPa) 
was attached to supply the small pre-tension needed for proper 
use of the extensometer. The shrinkage strain could be moni- 
tored with an absolute accuracy of about 0.002%. The experi- 
ment was started at 30 ~ and, subsequently, the temperature 
was increased in steps of 5 ~ After each step an equilibration 
time of 15 min was allowed before the shrinkage was 
measured. 

The retractive stress, or shrinkage stress, was measured on a 
Frank 81565 tensile tester equipped with a thermostatically 
controlled oven. The fibers were strained to an initial load of 
10 MPA at 30~ and kept at a constant strain level. Sub- 
sequently, the sample was heated at a heating rate of about 
8 ~  1. During heating, the retractive force was monitored 
as a function of temperature. Stress and temperature were 
measured with an accuracy of 1% and 0.1 ~ respectively. 

Stiffening effects: reversible and irreversible deformation: To 
investigate the influence of reversible deformation on the 
dynamic modulus of the polyethylene fiber (SK66), experi- 
ments were performed on a Zwick Rel servo hydraulic tensile 
tester (20 kN), adapted for low frequency noise strain excita- 
tion. The samples, used for these experiments, were 255 mm 
long, and provided with cardboard tabs to improve clamping. 
In the experiments, the samples were loaded at room temper- 
ature to a static strain level in the range of 0.25 to 1.75%. The 
total loading time at high strain levels (above 1.0%) did not 
exceed 20 min, which excludes any irrecoverable (plastic flow) 
contribution to the deformation ,[8]. Subsequently, a low- 
frequency noise signal, 256 frequencies in the range of 0 to 
10 Hz, was used to superimpose a dynamic strain, with an 
amplitude of 0.05%, on the statically loaded fibre. Stress 
output and strain input were transformed into dynamic quant- 
ities in the frequency range from 0.5 to 5 Hz using a HP 
98785A Fast Fourier Analyzer. 

The sonic modulus of SK66 yarn was monitored during a 
reversible creep experiment. The experiments were performed 
on equipment of AKZO Corporate Research (Arnhem, The 
Netherlands), described in detail in the experimental section of 
[17]. A piece of yarn of 2.5 m was loaded at room temperature 
at a low stress level (100 MPa) to ensure complete reversibility 
of the resulting deformation [8]. The creep of the yarn was 
measured with an inductive displacement transducer, which 
was positioned about 2 m from the clamp. The sonic velocity 
was measured at I min intervals for 20 min. The fiber was 
subsequently unloaded and the experiment was repeated after 
a recovery period of 1.5 h. The sonic modulus E~ of the fiber 
was determined using the equation E s = pc 2, where p is the 
density of the material and c is the longitudinal wave velocity, 
or sonic velocity. 

To investigate the influence of irrecoverable deformation on 
the tensile modulus, samples of the 50 den fiber were loaded in 
creep at 300 MPa and 50 ~ for periods varying from a few 
hours up to 2 weeks. The samples were provided with card- 
board tabs and had a length of 100 ram. After unloading, the 
samples were allowed to recover for a period of 1 week at 
50 ~ Using the cardboard tabs as a reference, the irrecover- 
able deformation of each sample was measured. Subsequently, 
the moduli of the samples were determined in tensile testing at 
30 ~ and a strain rate of 0.001 s-  1. 

Results 

Deformation behavior: dependence on stress 
and temperature 

The main results concerning the mechanical and 
thermorheological behavior of oriented PE fibers, 
partly published elsewhere [8], will be recapitula- 
ted and updated. 

Figure la shows the creep compliance 
( =  e(t)/cr) of oriented polyethylene (Dyneema 
SK66) as a function of temperature and at various 
loadings. As shown previously [8], the deformation 
behavior of oriented polyethylene can be con- 
sidered to be the resultant of two simultaneous 
contributions: 

1) a reversible (visco-elastic), nearly stress-linear 
process which dominates at short loading times, 
low temperatures and/or low stress levels; 

2) a non-linear plastic flow contribution which 
becomes more pronounced at longer loading 
times, high temperatures and high stress levels. 

The reversible contribution can be determined 
independently from stress relaxation experiments 
at low strain levels (0.5%) [18]. From these data, 
the reversible contribution to the creep deforma- 
tion was predicted [18]. By substracting this contri- 
bution from the total deformation, the plastic flow 
contribution is revealed as shown in Fig. lb. 

In order to test the thermorheological behavior 
of oriented PE fibers, both DMTA and stress re- 
laxation experiments were performed at low strain 
levels (reversible deformation) [8]. DMTA experi- 
ments were performed in the frequency range of 0.2 
to 3 Hz at temperatures from - 20 to 105 ~ [8]. 
Master curves of the dynamic quantities E a and tan 
8 could be obtained using only a horizontal shift 
aT0(T) [8]. The shift factor aT0(T) was also deter- 
mined from stress relaxation experiments at 0.5% 
strain in the time range from 100 to 10 000 s. The 
A~rhenius plot of the shift factors aT0(T), as de- 
rived from the dynamic and the stress relaxation 
experiments, is presented in Fig. 2a [8]. 
Two important observations can be made: 

1) The observed temperature dependence cannot 
be described by a single, temperature activated 
Arrhenius process. The apparent activation en- 
ergy on the lower temperature scale, up to 
about 50~ is approx. 30 kcal/mol, but in- 
creases gradually with increasing temperature 
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to physical ly unrealist ic values of  approx .  
100 kca l /mol ;  
T h e  t empe ra tu r e  dependence  of  the shift factor ,  
as derived f rom stress re laxa t ion  exper iments ,  
agrees with the t empera tu re  dependence  of  the 
shift fac tor  as derived f rom the dynamic  quant-  
ities. 
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The plastic flow contribution was analyzed via 
long-term creep experiments at various stress levels 
and temperatures [8]. From the creep data, the 
plastic flow contribution (plateau creep rate) was 
determined by employing the method suggested by 
Sherby and Dorn [13]. The Arrhenius plot of the 
plateau creep rate is presented in Fig. 2b. The 
temperature dependence of the plastic flow contri- 
bution, Fig. 2b, appears to be independent of the 
applied stress. Moreover, the Arrhenius plot of the 
plateau creep rate can be approximated by a 
straight line, which indicates that, within the tem- 
perature range that is covered experimentally, the 
plastic flow contribution originates from a single, 
thermally activated, Arrhenius process. The activa- 
tion energy of this process, as derived from Fig. 2b, 
is approx. 30 kcal/mol. 

Volume expansion: WAXS vs dilatometry 

In order to determine the volume/temperature 
behavior of the "amorphous" fraction, the volume 
expansion of the crystalline fraction was measured 
using WAXS and compared with the total specific 
volume expansion of the fibers measured by 
dilatometry. 
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The WAXS results for the temperature depend- 
ences of the dimensions of the a-, b-, and c-axis of 
the orthorhombic unit cell are presented in Figs. 3a 
and b. The unit cell volume is determined 
by multiplication of the a-, b-, and c-dimensions. 
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The resulting data are presented in Fig. 4. An 
approximately linear volume expansion of the or- 
thorhombic unit cell is observed, with a linear 
volume expansion coefficient ~v of 3.33 10- 4 K- 1. 
This volume expansion coefficient is used in Fig. 5 
to compare the specific unit cell expansion with the 
specific total volume expansion measured via di- 
latometric experiments on the gel-spun fiber SK66 
and the solution-crystallized/drawn tapes. As is 
evident from Fig. 5, the total volume of the gel- 
spun fiber increases non-linearly with temperature, 
and deviates markedly from the volume expansion 
of the orthorhombic unit cell. For the less crystal- 
line solution-crystallized/drawn tapes this behavior 
is even more pronounced. Upon temperature-re- 
cycling of the experiments, the volume expansion 
behavior appears to be reversible. 

Thermal shrinkage and retractive stress 

The SK66 yarn was subjected to unconstrained 
and constrained heating experiments. Upon un- 
constrained heating, where the fiber is allowed 
to contract freely, the gel-spun fiber initially 
shows a linear shrinkage with temperature (Fig. 
6). The linear thermal expansion coefficient of 
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Fig. 6. Shrinkage of gel-spun fiber (SK66)upon unconstrained 
heating (O) ,  compared with shrinkage of the c-axis of the 
orthorhombic unit cell (O) .  

- -  15.6 10 - 6  K-1 is slightly higher than the value 
found for the orthorhombic c-axis (Fig. 3b, 
- 12.6 10 - 6  K- l ). Above 60 ~ the shrinkage be- 

havior of the fiber increases drastically and deviates 
markedly from the shrinkage of the orthorhombic 
c-axis. 

In constrained heating (Fig. 7), i.e. at fixed 
length, a gradual increase of the retractive stress is 
observed. At a temperature of 135 ~ the retractive 
stress reaches its maximum value, and decreases 
with increasing temperature. These observations 
are similar to those reported before for both melt- 
spun/drawn [19-20] and gel-spun/drawn PE fibers 
in current literature [21]. 

Stiffening effects: reversible and plastic flow 
deformation 

The effect of reversible deformation on the dy- 
namic modulus (1 Hz, room temperature) of the 
Dyneema SK66 yarn is shown in Fig. 8. The dy- 
namic modulus is found  to increase significantly 
with increasing strain. This increase appears to be 
instantaneous, and is approximately independent 
of the loading time. The stiffening effect is also 
observed when monitoring the sonic modulus of 
the yarn during reversible creep deformation, as 
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shown in Fig. 9. A gradual increase of the sonic 
modulus with increasing strain (loading time) is 
observed. Moreover, upon second loading the re- 
versibility of this effect is evident. The observations 
are in accordance with the results of Khanna et al. 
[22], who called this phenomenon elastic orienta- 
tion under force (EOF). 
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The influence of plastic flow deformation on the 
tensile modulus of gel-spun UHMW-PE fibers is 
depicted in Fig. 10. A significant increase in the 
tensile modulus is observed with increasing plastic 
creep deformation. 
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Discussion 

Irreversible deformat ion (plastic f low) 

The assignment of the irreversible deformation 
is relatively straightforward. In the case of plastic 
flow, a fast molecular movement has to be in- 
volved, since the material has to remain in an 
equilibrium state with respect to the rate of defor- 
mation. The fast exchange of gauche defects that is 
observed with solid state NMR in the crystalline 
fraction [11] seems to meet this requirement. 
Recent results of molecular dynamics simulations 
show that the exchange of gauche defects could be 
as fast as 101~ s -1, whereas the lifetime of the 
defects is in the order of 30 ps [23]. Diffusion of 
these small defects throughout the crystal lattice 
results in a 180 ~ rotational-C/2 translational 
(screw-jump) motion of the crystalline stem 
[24-29]. This screw-jump mechanism is generally 
accepted as being the molecular origin of the dielec- 
trical e-transition in polyethylene [24-31]. 

In an unloaded situation, the diffusion of gauche 
defects will cause translational vibrations within 
the crystal. Under the influence of stress, this mo- 
tion can easily induce chain slip, which results in 
plastic, irreversible deformation of the crystalline 
material. This view is supported by the value of the 
apparent activation energy of the plastic flow con- 
tribution, approx. 30 kcal/mol, which is identical 
to the value of the activation energy of the dielec- 
trical e-relaxation [30]. This interpretation is in 
accordance with the results and conclusions of 
Wilding and Ward in the case of meh-spun/drawn 
HDPE fibers [6, 7]. 

From Fig. 10, it can be observed that plastic 
deformation causes a significant increase in the 
tensile modulus. This is not surprising in view of 
the fact that plastic deformation (creep) is similar 
to the actual drawing process, albeit on a different 
time/temperature scale. 

Reversible de format ion  

The molecular interpretation of the reversible 
(visco-elastic) contribution to the deformation pro- 
cess is rather complex, in contrast to that of the 
previously discussed plastic flow component. Com- 
paring Figs. 2a and b, one is tempted to conclude 
that, in view of the similar values of the activation 
energies at the lower temperature scale (up to appr. 

50 ~ the reversible contribution is also related to, 
or even dominated by translational motions within 
the crystal, at least at these lower temperatures. 
The increase in the apparent activation energy of 
the reversible contribution at the higher temper- 
ature scale, Fig. 2a, is generally interpreted in terms 
of combined contributions of at least two separate, 
temperature-activated Arrhenius processes for iso- 
tropic [32-35] as well as for oriented PE [36-37]. 
Matsuo et al. [36], for instance, distinguish two 
separate processes e 1 and e 2 in highly oriented PE, 
assigned to boundary slip phenomena and a 
smearing out effect of the crystal lattice potential, 
due to movement of defects. 

However, in Fig. 2a a similarity is observed in 
the temperature dependence of the dynamic data, 
measured from 0.2 to 5 Hz (short relaxation times), 
and stress relaxation data, measured from 100 to 
10 000 s (long relaxation times). This similarity sug- 
gests that the material behavior is thermorheologi- 
cally simple, which indicates that a single molecu- 
lar process is involved. Since this process seemingly 
does not display an Arrhenius-type behavior, the 
physical relevance of the apparent activation ener- 
gies, as derived from Fig. 2a, becomes rather doubt- 
ful. Moreover, another relevant issue is that revers- 
ible deformation is not compatible with defect 
diffusion within crystals in view of the irreversible 
nature of the latter process. 

The results concerning volume expansion 
obtained via dilatometry and WAXS experi- 
ments (Fig. 5) support a simple two-phase, 
crystalline/"amorphous" structure. The "amorph- 
ous" component shows a non-linear specific vol- 
ume increase with increasing temperature, which 
could be explained in terms of a gradual increase in 
mobility. The observed reversibility of the volume 
expansion upon temperature recycling, which im- 
plies that A V ~ 0 for a cycle of heating and cooling, 
strongly supports an entropic, rubber-like nature of 
the "amorphous" material. The entropic effects 
that are observed upon constrained and uncon- 
strained heating of the fiber (Figs. 6, 7) are con- 
sistent with this view. 

Taking further into account that the crystalline 
fraction is already nearly perfectly oriented 
[10, 11], the observed increase in the sonic and the 
dynamic moduli upon loading (Figs. 8, 9) is related 
to further orientation of this "amorphous" frac- 
tion. 

The NMR data, however, are not in line with 
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this simple two-phase model [11]. 2H-NMR gave 
evidence for an amorphous fraction that is oriented 
to some extent and a highly oriented crystalline 
fraction [11]. However, considerable molecular 
mobility was observed for part of the highly orien- 
ted, crystalline material. The molecular origin of 
this motion has been explained in terms of diffu- 
sion of gauche defects along a chain. These defects 
are not homogeneously distributed as Tl-(spin lat- 
tice) time sensitive experiments indicated a smooth 
transition from practically rigid chains to those 
with about 2% running gauche defects [11]. 

This complicated microstructure of polyethyl- 
ene originates from the drawing process, i.e., 
transformation of folded-chain crystals into 
oriented/chain-extended structures [38]. During 
drawing, various conformational defects like chain 
ends, loops, trapped entanglements, folds, etc. are 
more or less expelled from the newly formed highly 
oriented crystalline phase, and become concen- 
trated in the oriented structure, not necessarily in a 
random manner  [39]. 

Upon loading of this oriented structure, as per- 
formed in a creep experiment, the drawing process 
is in fact continued since there is no basic differ- 
ence between the actual drawing process and a 
creep experiment in view of the absence, of any 
lock-in mechanism during transformation of chain- 
folded crystals into chain-extended structures. The 
only difference to the researcher is the time-temper- 
ature scale of the experiment. Upon prolonged 
static loadings, the crystallinity and, hence, the 
performance of the fiber will increase gradually and 
irreversibly (see Fig. 10). 

The main question which remains is: "what  
causes the persistent reversible contribution to 
the deformation behavior of oriented polyethylene 
systems?" 

Based on currently available results of neutron- 
scattering studies on highly oriented polyethylene 
systems [40-43], it can be inferred that chains are 
not perfectly extended. Since the radius of gyration 
of a polyethylene chain in oriented polyethylene, 
perpendicular to the drawing direction, is in the 
range of 20 to 40 ~l [42, 43], the root-mean-square 
deviation of chain segments is in the range of 50 to 
100 ~t, equivalent to 6-13 units in the a-direction, 
or 10-20 units in the b-direction of the orthorhom- 
bic unit cell. This result implies that a chain will 
not be in register over its full length, as represented 
schematically in Fig. 11. Note that the actual chain 

l I 
I 

I I  
I I  

Fig. 11. Schematic representation of the trajectory of some 
chains in a highly oriented polyethylene structure. 

length in Fig. 11 is at least 100 times larger than 
schematically drawn for the three chains (based on 
Mn = approx. 250Kg/mole) and, consequently, 
register switching as shown in Fig. 11 could occur 
repeatedly along the chain trajectory. 

Within the deformation range that is experi- 
mentally covered in this study, the entropic contri- 
bution of the non-registered chain segments will 
ensure a persistent reversible contribution to the 
deformation since chains cannot cross mutually. 
Only in the limiting case of an infinite draw ratio 
can a perfect extension of chains be obtained. 
In practice this will not be realized via tensile 
drawing. 

Conclusion 

Based on the combined experimental results pre- 
sented in this paper, it can be concluded that  two 
separate contributions are operative during defor- 
mation of highly oriented polyethylene: an irrevers- 
ible, plastic flow contribution and a reversible 
viscoelastic contribution. 
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The irreversible, plastic flow contribution is re- 
lated to translational motion of chains within the 
crystal (chain slip). 

The reversible part of the deformation originates 
from the entropic nature of non-registered chain- 
segments, which is inherently related to the imper- 
fect extension of chains. 
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